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AN  IKVESTIGATICN  OP  COMFACTION  VARIABILITY 
FOR  SELECTED  EIGHi^Y  PROJECTS  IN  ItJ'OIANA 


ABSTRACT 


CoiastTOCtloa  ©f  a  high  q-aallty  highway  demands  that  a  certain 
amount  of  inspection  be  dona  to  Insure  that  it  meets  the  speelficatioaa 
set  forth.  The  use  of.  a  statistical  procedure  for  accomplishine  this 
iospeetion  has  b^en  proposed  ia  recent  years,  Sowever,  in  order  to 
establish  this  tjrpe  of  control,  a  kaowlsdge  of  present  construction 
practices  and  the  control  which  is  enforced  ia  required. 

The  area  of  study  chosen  for  this  project  was  coutpaetion  control 
of  subbase  and  subgrade  elements  as  used  in  ri<^id  paiveaents*  Sis  selected 
projects  (three  subgrade  and  three  subbase  projects)  in  Indiana  were 
investigated  «ith  the  study  designed  to  accompllsb  two  basic  objeetiveu. 
The  first  of  these  objectives  was  to  gather  data  to  determine  vhat  level 
of  coiBpactlon  ^^as  acttislly  being  achieved  using  the  present  standards  of 
iospeetiem  and  esforeea^nt.  Also  involved  was  an  ianrestigatlon  of  the 
variability  In  conpaetien  and  the  feetors  that  canee  this  variation.  The 
seeood  objective  was  then  to  dee@rziin@  h&a  a  ntatistical  quality  control 
prograa  sight  bft  devslopod  fros  these  data. 

To  insure  that  a  rsaliatic  sstiautte  of  thci  trtae  levcil  of  eoapaetion 
«md  its  as8oeifit«d  variability  wde   being  obtained,  approjeliaately  one  hundred 
field  density  tests  ware  performed  on  each  project.  A  testing  progran 
reeoonended  by  the  Bureau  of  Public  Roods  ma  followed.  This  program 
consisted  of  dividing  each  project  into  ten  unite  of  e>qual  sise  and  perfomiog 
five  raodoaaly  located  replicate  deraiity  tests  in  each  of  these. 


ill 

NetseesQcy  to  the  cc]2spBtati<m  ef  p@r  seat  cwap&cti.Qtk  values  vaa 
the  accurate  detesraiaation  of  maxigma  deasity  values  iox  the  eorxes'- 
poadiag  field  density  tests.  For  the  s«!bgr%de3j  a  study  of  the  use 
of  a  "oae-poirat"  field  eoupaction  test  in  conjunction  with  a  family 
of  tjrcieal  cojopeetioB  curves  showed  this  teehnlque  to  be  ireliable  and 
very  asseful  in  the  field.  A  curve  of  maxiaua  density  versus  the  per- 
cent of  iziateriai:  passis^  the  ^o.  4  sieve  was  developed  for  each  subbase 
iBaterialc  This  labisratoi^  developed  ctsrve  vas  then  uaed  as  a  control 
curve  for  use  in  the  field. 

The  results  obtained  indicated  that  the  overall  level  of  coopaetiou 
^iias  in  general  It^iwer  than  what  was  specified,  Also»  the  overall  vsri*- 
ability  in  e^^action  was  relatively  large  indicating  a  condition  of 
non-unifosia  compaction.  The  data  showed  that  store  uniform  co!^>antion 
was  obtained  en  the  subbase  eleeaents  thsn  on  the  subgrades  showing  an 
effect  of  laaterial  type.  The  factor  of  operator  variance  in  performing  the 
field  teste  was  elso  more  prono^mced  for  the  subgrade  elements.  The 
overall  variability  was  attributed  to  the  interaction  of  several  factors 
including  overall  material  type,  operator  variance  and  soil  variability 
within  &  unit  of  construction. 

The  compaction  data  were  used  to  develop  a  typical  statistical 
quality  control  program.  It  was  discovered  that  more  tests  for  a  given 
construction  unit  than  presently  specified  would  be  required  to  insure 
uniform  compaction.  However,  if  the  end  result  desired  dls  that  of  a 
given  average  compaction  level  for  the  entire  project,  then  the  nwober  of 
tests  required  would  be  approximately  the  same  as  the  number  presently  used. 
The  main  problem  would  then  be  to  Insure  that  the  tests  are  properly 
performed,  that  the  location  chosen  is  truly  representative  and  that  the 
results  obtained  are  enforced. 


AN  INVESTIGATION  OF  COfTPACTlON  VARIABILITY 
FOR  SELECTED  HIGHWAY  PROJECTS  IN  INDIANA 


INTRODUCTION 

Tl\e  application  of  statistical  quality  »:!ontrol  to  highway 
eonotruetioa  has  become  a  subject  of  widespread  interest  during 
the  past  several  years.  The  use  of  statistical  techniques  in  the 
control  of  manufactured  products  has  lone  been  recognize  by 
industry  as  an  effective  »eans  of  controlling  quality. 

The  Bureau  of  Public  Rosds  has  taken  the  lead  in  reccmmendins 
the  use  of  a  etatietical  approach  to  highway  construction  control. 
There  are  several  reasons  why  statistical  quality  control  Is  needed 
in  highway  construction.  First,  in  aany  Instances  it  is  difficult 
and  often  impossible  to  say  whether  present  sampling  and  testing 
procedures  (i.e.  arbitrary  spacing  of  samples  etc.)  are  adequate  to 
control  a  construction  project.  Second,  in  many  cases  the  engineer 
must  use  a  judgement  factor  that  affects  both  th<s  contractor  and  the 
highway  departiaents:  this  judgement  may  involve  a  large  sum  of  money. 
Statistics  can  be  the  tool  which  provides  an  aid  to  the  engineer  and 
assists  him  In  making  better  decisions  as  to  the  overall  quality  of  a 
given  section  of  highway  construction. 

One  specific  area  of  highway  construction  which  has  received 
little  attention  in  the  past  in  connection  with  this  type  of  control 
has  been  the  construction  of  subgrade  and  subbase  elements.  The 
construction  of  these  elements  of  a  highway  Toay  be  likened  to  an 
industrial  manufacturing  process.  The  finished  highway  itself  is  a 


ffianufactured  product  and  some  method  of  quality  control  rauat  be 
specified  in  order  to  Insure  a  final  product  that  will  be  acceptable 
to  all  concerned »  In  connection  with  hishwaye,  possibly  the  control 
mathode  should  be  termed  acceptance  control  as  the  end  result  is  the 
acceptance  of  a  finished  hlj»hway  built  to  certain  specifications. 

During  the  past,  the  specifications  and  the  techniques  for  InsurlnR 
that  these  specifications  are  complied  with  have  developed  throuph  a 
trial  and  error  process.  In  many  cases,  these  specifications  have 
evolved  with  little  regard  to  the  actual  construction  process  itself  and 
the  Inherent  variability  that  exists  in  the  finished  product.  One  reason 
for  this  is  that  little  data  have  been  collected  to  define  what  this 
variability  is  and  how  it  affects  performance  of  the  highway. 

SpecificaSicfn  requireiaents  are  of  little  use  unless  some  taeans  of 
testing  and  control  are  exerted.  With  estimates  of  variability  at  hand, 
it  is  possible  to  develop  a  statistical  quality  control  testing  program 
based  on  a  better  understanding  of  the  capabilities  of  the  process. 

It  should  be  noted  that  the  word  "statistical"  has  been  applied  to 
the  above  discussion.  It  is  necessary  to  recognise  that  present  speci- 
fications iBiiply  a  fonn  of  quality  control.  In  most  specifications, 
some  form  of  sampling  and  testing  is  performed  on  the  finished  product 
and  a  judgement  as  to  the  overall  quality  is  then  made  based  on  these 
test  results.  The  number  of  tests  involved  may  be  one  or  several  but 
In  general  these  values  are  interpreted  as  being  reoreaentative  of  a 
large  quantity  of  material. 


Inherent  In  the  statistical  analysis  is  the  ability  to  make 
estimates  of  population  parameters  from  sample  statistics  and  to 
associate  these  with  estimates  of  the  probability  of  beins;  vnronj? . 
iniat  Is,  by  uslcR  statistics,  a  better  .ludeement  of  overall  auallty 
Toay  be  made  by  accounting  for  the  variability  that  exists  in  the 
construction  process.  Also,  an  estimate  of  the  error  involved  in 
making  this  judgement  is  obtained.   In  this  manner,  a  more  realistic 
approach  to  product  control  may  be  applied. 


PURPOSE  OF  STUDY 

The  primary  purpose  of  this  investigatioc  was  to  collect 
eoDstruction  data  from  selected  subgradea  and  subbases  by  & 
systoaatic  procedure  which  would  permit  an  evaluation  of  vari- 
ability that  exists  in  present-day  construction  of  these  eleisents 
of  riffid  highway  pavements*  These  data  were  also  to  becone  part 
of  the  Bureau  of  Public  Roads  bank  of  data  relative  to  the 
variability  of  highway  construction  practices. 

The  analysis  of  these  field  data  included  an  investigation  of 
the  factors  causing  variability  and  the  determination  of  the  relative 
importance  of  these  factors  on  the  final  product.  The  factors 
investigated  in  this  analysis  included  1)  is  the  variation  observed 
of  a  random  nature?  2)  is  there  a  correlation  between  soil  type  and 
variability?  3)  did  field  testinc  personnel  have  an  effect  on  the 
variability?,  and  4)  is  the  contractor  a  contributor  to  this  vari- 
ability? It  was  desired  to  study  the  magnitude  of  variance  components 
so  that  these  data  could  be  used  to  establish  a  quality  control 
program  anplicable  to  construction  of  subgrades  and  subbase  courses  in 
Indiana. 

To  accomplish  the  above,  it  was  necessary  to  Investigate  the  size 
of  construction  unit  to  be  tested  as  well  as  techniques  that  can  be 
used  to  establish  the  size  of  unit.  Two  approaches  were  studied,  1)  soil 
type,  as  determined  by  standard  laboratory  classification  and  density 
tests  was  used  as  a  control  unit,  and  2)  an  arbitrary  leuRth  of  section 
independent  of  material  type  was  considered  to  be  the  control  unit. 


The  ideal  method  of  Insurinj?  a  quality  prodiiet  is  to  perform  a 
large  cumber  of  tests  on  a  lot  (or  unit)  of  the  product  and  to 
analyze  these  data  on  a  etatisiicsl  basis.  The  po'veet  control « 
on  the  other  hand,  worild  be  to  perform  jtsst  one  test  for  a  given 
constsructiou  unit  and  to  infer  overall  quality  from  the  results  of  this 
sinRle  test.  Obviously,  neither  of  these  raethoda  is  practical  from 
the  standpoint  of  obtaining  reliable  results  at  a  reasouable  cost  of 
time  and  money.  Thus,  some  coopronlse  method  oust  be  attained.  A 
prlrae  objective  or  this  stiidy  was,  therefore,  the  determination  of 
what  this  cosipromlee  should  be. 

Most  specifications  for  subgrades  and  subbases  are  based  on  a  per 
cent  ccapaction  value  which  involves  the  determination  of  two  values, 
1)  the  actual  In-place  field  density  and  2)  an  arbitrary  "maxiratm" 
density  for  the  material  being  l:ested.  Durine  this  study,  both  of 
these  tests  were  investigated  to  determine  their  effect  on  apparent 
construction  variability  and  to  evaluate  different  methods  of  obtaining 
these  values.  Major  consideration  was  ^iven  to  the  precision  of 
measurinf?  in-place  density  and  the  reproducibility  that  may  be  expectedo 
Factors  studied  included  the  effect  of  personnel  performing  the  same 
test,  the  effect  of  material  type  and  inherent  errors  in  the  field  test 
itself. 

Several  techniques  for  selecting  a  mRximurc  laboratory  '^.■aasity  value 
were  investigated.  If  compaction  control  is  to  be  based  on  a  laboratory 
value,  the  most  reliable  technlaue  would  be  to  run  a  standard  laboratory 
compaction  test  for  each  and  every  field  density  determination  but  this 
is  obviously  not  practical.  The  techniques  of  1)  usinp:  an  average  control 


value  applicable  to  the  entire  project,  2)  breaking  the  project  into 
soil  groups  and  usin^  an  average  value  for  each -jsroup ,  3)  use  of  a 
family  of  typical  compaction  curves  and  4)  correlation  of  maxlnttm 
density  with  grain  size  diatrlbution  of  the  material  were  studied 
with  the  endpoint  of  determining  the  west  suitable  method  for 
establishing  a  control  value.  The  validity  of  these  different  approaches 
and  the  rel5.ability  of  the  results  obtained  were  thus  evaluated. 

Another  phase  of  this  study  involved  the  investigation  of  the 
validity  of  various  field  testing  techniques  and  the  correlation  of  these 
data  with  laboratory  results.  Primary  among  these  were  the  correlation 
between:  1)  field  determined  and  oven  dried  laboratory  moisture  content 
values,  2)  field  determined  dry  sieve  analyses  and  laboratory  washed 
sieve  analyses,  3)  sand  calibration  by  two  methods  and  4)  ooe-poiat 
field  coaipaction  tests  and  standard  laboratory  compaction  tests. 


SITE  SELECTION 

The  sites  investigated  in  this  research  project  vere  selected 
using  guidelines  set  forth  hj   the  Bureau  of  Public  Roods  (5)*  mcdified 
to  fit  the  conditions  in  Indiana.  In  the  guidelines  established  by 
the  Bureau  of  Public  Roads,  t«o  prliaary  requireaents  were  recoDanended . 
These  requirements  were  1)  three  subgrades  and  three  subbases  should  be 
tested  and  2)  each  study  element  was  to  be  built  by  different  contractors. 

In  addition,  to  the  above,  it  was  considered  advisable  to  select 
the  sites  to  include  as  otany  soil  types  and  geographic  locations  ae 
possible.  A  further  restriction  was  placed  on  the  selection  by  the 
construction  program  of  the  State  Highway  CooBBisslon,  since  these  sites 
were  to  be  normal  projects  during  the  suaraer  construction  season. 

In  some  cases  both  the  subgirade  and  subbase  at  a  given  site  were 
tested.  However,  in  these  situations,  the  two  paveocmt  eleaents  were 
built  by  different  contractors. 

For  the  reoialnder  of  this  report  the  projects  will  not  be  designated 
by  name  but  rather  by  arbitrarily  assigned  numbers:  B-1,  B-2,  and  B-3 
for  the  subbases  and  S-1,  S-2,  and  S-3  for  the  subgrades.  The  subgrade 
projects  were  on  Interstate  Construction  as  were  two  of  the  subbase  projects. 
The  remaining  subbase  project  was  an  Indiana  State  Highway  consisting  of 
diial-lane-dlvlded  highway  construction. 


*  Numbers  In  parenthesis  refer  to  bibliography  at  the  end  of  this  report. 


FIELD  SAMPLING  AND  TESTING  PROCEDURES 

Sampli.'ng  Plane 

The  sampling  plan  used  in  this  study  was  based  on  a  table 
of  random  nurabers.  In  addition,  the  requirement  set  forth  by  the 
Bureau  of  Public  Roads  that  all  projects  or  portions  thereof  tested 
should  contain  a  mlnumum  of  10,000  cubic  yards  of  material  was 
followed.  Also,  accordln^r  to  this  plan  each  project  was  divided 
Into  ten  sections  of  equal  size;  these  then  constituted  the  basic 
control  sections  for  testing  purposes. 

With  these  criteria  in  mind,  the  first  project  and  element 
tested  was  Project  S-i  which  was  divided  into  ten  sections,  each 
3000  feet  in  length  by  2A  feet  wide.  According  to  the  Indiana  State 
Highway  CoBHBlasicsn,  (12) ,  subgrade  material  is  defined  as  "that  part 
of  the  road  Intended  to  receive  base  or  surfacing  material".  The 
subgrade  is  normally  assumed  to  be  the  top  6  Inches  of  material 
isanediately  below  the  subbase  for  rigid  pavements.  Using  these  values, 
a  total  of  13,333  cubic  yards  of  material  was  involved  In  Project  S-1. 
This  value  OEceeded  the  required  volume. 

As  the  field  testing  progressed,  it  became  evident  that  it  would 
be  necessary  to  reduce  the  size  of  testing  area  in  order  that  the  field 
testing  schedule  would  be  compatible  with  the  pace  of  construction. 
This  was  especially  critical  for  the  subbase  element.  Therefore,  the 
size  of  the  test  section  In  most  cases  was  reduced  to  2000  feet  by 
24  feet,  resulting  in  slightly  leus  than  10,000  cubic  ynrds  of  naterlal 
being  tested. 


For  the  stibgrade  ousterlal  on  Project  S-lg  It  v&s   possible  to  use 
the  rscomii&6nded  3000  foot  control  sections  as  it  was  not  difficult  to 
correlate  th&  testing  schedule  with  the  pace  of  construction.  This  was 
due  in  part  to  the  fact  that  on  this  particular  project,  the  subbase 
oaterial  was  placed  prior  to  the  testing  program  and  there  was  little 
interference  by  construction  equipment.  On  the  other  hand,  the  field 
crews  were  required  to  dig  through  this  material  in  order  to  test  the 
siibgrade.  For  the  other  five  projects,  with  two  exceptions,  control 
sections  were  2000  feet  in  length.  On  Project  B-2,  three  of  the  control 
sections  were  adjusted  to  a  size  of  1000  feet  by  48  feet  in  order  to  obtain 
the  required  number  of  tests.  This  adjustment  did  not  change  the  overall 
volume  of  material  tested  and,  therefore,  it  is  believed  it  did  not  affect 
the  results.  One  section  on  this  project  was  2000  feet  by  48  feet  resulting 
in  a  larger  overall  volume  than  the  other  sections.  Here  again,  it  is  felt 
that  this  anomaly  did  not  seriously  affect  the  overall  results. 

After  the  control  sections  were  selected,  individual  test  locations  were 
randomly  selected  within  these  areas.  Test  location  selection  was  done  in 
the  office.  Location  of  tests  was  such  that  any  set  of  test  locations  could 
be  applied  to  any  field  control  section,  increasing  the  flexibility  of  the 
sampling  program  to  allow  for  variations  in  construction  schedules. 

Five  test  locations  were  used  in  each  of  the  ten  control  sections 
resulting  in  fifty  test  sites  per  project.  Duplicate  tests  were  per- 
formed at  each  location  providing  a  total  of  100  individual  field  tests 
for  each  of  the  six  elements  studied.  The  distance  between  duplicate  test 
holes  was  set  at  six  inches.  Duplicate  tests  were  made  to  provide  an 
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ation  of  the  variance  that   esis£8  betwesn  teste  perfoswed  at 
£fcc>.....„.,.ill.y  the  name  location. 

The  basic  sampling  plan  for  both  the  subgrades  and  subbases 
consisted  of  performing  five  randae  duplicate  tests  In  each  of  ten 
control  sections  for  each  project. 

Held  And  tabsefotory  Teeting 

The  standard  sand  cone  density  test  was  performed  on  the  aub- 
grade  and  subbase  materials  following  the  procedures  set  forth  in 
the  Indiana  State  Highway  Conanission  Field  Manual  (13).  It  should 
be  noted  that  In  many  cases ,  the  subgrade  was  not  tested  immediately 
after  final  compaction.  Dry  density  was  used  as  the  basis  for  com- 
puting all  per  cent  compaction  values. 

yieadmrn  dry  density  of  each  subgrade  sample  was  determined  by  means 
of  a  field  one-point  compaction  test.  A  field  sieve  analysis  (dry  basis) 
using  a  nest  of  three  sieves  was  nm  for  each  subbase  density  test. 
This  was  done  in  order  to  define  material  variability,  and  also  to  allow 
for  the  detaraination  of  a  mmilmum  dry  density  value  for  each  field  test  a 

Before  starting  a  day's  testing,  a  sand  calibration  was  performed  by 
each  crew.  In  performing  this  sand  calibration,  two  replicate  send  density 
measurements  were  made  and  if  these  were  in  agreement,  the  average  oi   the 
two  values  was  used.  If  a  wide  variation  occurred  in  these  results,  a  third 
value  was  determined  and  a  final  aand  density  was  then  interpreted  from 

these  data. 

T«w  methods  of  calibrating  the  density  sand  were  investigated .  The 

first  of  these  consited  of  placing  the  sand  in  a  metal  cylinder  ha\ mg  an 

approximate  volume  of  0.068  cubic  feet,  and  the  second  method  consisted 
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of  determining  the  volume  of  Che  send  cone  Jug  and  determining 
the  weight  of  sand  required  to  fill  the  jug.  The  latter  technique 
is  the  method  used  by  Indiana  State  Highway  CoomlBSion  personnel. 

A  typical  density  and  "one-point"  conpactlon  test  routine  consisted 
of  the  following  series  of  steps.  The  test  area  was  first  leveled 
using  the  field  density  plate  and  a  sand  cone  test  was  performed  by  the 
field  crew  which  consisted  of  two  men.  The  density  thus  obtained  was 
corrected  for  the  fnaterial  retained  on  the  No.  4  sieve  as  described  in 
the  Indiana  State  Highway  Commission  Field  Manual  (13).  A  representative 
ffioisture  aample  was  removed  and  dried  on  a  field  stove.  The  fraction  of 
the  sample  from  the  test:  hole  that  passed  through  the  No.  4  sieve  was 
next  compacted  into  a  cylinder  in  accordance  with  ASTM  D  698-64T,  Method  A. 
The  compaction  mold  was  placed  on  a  small  concrete  block  during  the 
compaction  process.  In  many  instances,  it  was  necessary  for  field  per- 
sonnel to  adjust  the  field  moisture  content  of  the  test  sample  to  what 
they  considered  to  be  optimum  moisture  content  before  performing  the 
compaction  test.  This  allowed  a  more  accurate  determination  of  maximum 

density  to  be  made. 

Appropriate  laboratory  samples  were  collected  from  each  subgrade 
project.  Individual  samples  were  taken  from  each  test  hole  for  laboratory 
classification  purposes.  A  30-pound  sample  was  collected  for  each  "typical" 
soil  encountered  along  the  road  with  a  minimum  of  ten  30-pound  samples  being 
obtained  for  each  project.  Standard  laboratory  classification  and  compactiot 
tests  were  performed  on  these  large  samples.  A  moisture  sample  was  sent 
into  the  laboratory  to  provide  a  comparison  between  results  of  field  and 
laboratory  determined  moisture  contents. 


Ail  subbese  fccssing  was  pesforasd  on  the  material  between  tha 
planer  snd   the  paving  train,  thus  insuring  that  the  material  was  at 
its  final  conpactcd  state.  As  with  the.  eubgrades,  the  first  step  was 
to  per£orQ  the  sand  cone  test.  The  moisture  content  of  the  tnaterial 
was  determined  by  drying  the  entire  sample  and  then  the  diry  laatericl 
was  passed  through  the  3/^-ineh,  Ho.  4  and  No.  10  sieves.  A  correction 
for  the  material  retained  on  the  3/4-inch  sieve  was  determined  and 
applied  to  the  field  density  value. 

To  ascertain  the  validity  of  the  field  sieve  analysis,  the  material 
from  each  test  hole  was  sent  into  the  labaratox^  where  a  washed  sieve 
analysis  was  performed,  A  50  pound  representative  sample  was  collected 
from  each  test  location.  A  standard  washed  sieve  analysis  and  a  laboratory 
compaction  test  were  performed  on  these  samples  in  the  laboratory.  The 
laboratory  compaction  tests  were  performed  according  to  ASTM  D  698-64T, 
Method  C. 

It  is  important  to  mention  that  a  one  week  training  session  was  hel.l 
before  sending  the  personnel  into  the  field.  This  was  done  to  insure 
that  all  personnel  were  well  acquainted  with  the  tests  and  that  each  man 
would  follow  the  same  field  procedure,  providing  uniformity  from  crew 
to  crew. 
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GENERAL  STATISTICS  INVOLVED 

The  collection  of  data  for  this  study  was  sccoapllshcd  during 
period  June  through  September,  1965.  At  the  completion  of  the 
field  testings  ^bc  data  were  checked  in  the  office  since  nost  of  the 
computations  had  been  made  in  the  field.  The  data  were  then  placed 
on  computer  punch  cards.  Tjrplcal  data  included  on  these  cards  were 

'Jice  density  and  moisture,  laboratory  aaximisa  density  and  optimun 
taoisture  content,  per  cent  compaction,  project,  test  number,  location 
and  operator. 

The  statistical  analysis  of  the  data  was  accomplished  using 
standard  computer  programs  for  1)  analysis  of  variance  (hereafter 
called  ANOV)  tests,  2)  homogenity  of  variance,  3)  test  ior  normality 
of  data  and  4)  multiple  regression  analyses. 

To  apply  the  ANOV  technique,  the  data  must  satisfy  two  criteria. 
First,  the  data  must  be  normally  distributed  and  second,  the  variances 
must  be  homogeneous.  Since  the  main  variable  of  Interest  was  per  cent 
compaction,  tests  were  performed  on  this  variable  to  determine  5.f  it 
satisfied  the  ANOV  criteria. 

To  test  for  normality,  the  Kolmogerov-Smlroov  test  for  goodness  of 
fit  was  used.  A  description  of  this  test  nay  be  found  in  most  statistics 
books.  Results  of  this  analysis  showed  that  per  cent  compaction  was 
normally  distributed  for  all  six  projects  investigated  at  the  0.05  level. 
The  Foster-Burr  test  (8)  for  homogenity  of  variance  was  performed  on  the 
ten  control  sections  within  each  project.  Results  of  this  analysis 
indicated  that  these  variations  were  homogeneous  at  the  0.05  level  for  each 
project.  Having  met  the  two  stated  requirements,  the  actual  ANOV  technique 
to  be  used  was  determined. 


The  basic  analyals  of  variance  employed  was  a  Model  II,  equal 
nuoiber  of  observations  per  treatment  design.  A  one-way  ANOV  was 
used  with  the  generalised  format  as  indicated  by  Table  1. 

Tho  analysis  shown  in  Table  1  was  performed  on  two  different 
lengths  of  control  units.  The  entire  projects  were  first  analyzed 
as  individual  units  wilth  approximately  fifty  treatments  per  project 
(a  treatment  represents  two  replicate  measurements).  Next,  each  of 
the  six  projects  was  broken  into  the  basic  control  sections  and  the 
ANOV  was  performed  on  each  of  these  units.  These  control  sections 
consisted,  in  general,  of  approximately  five  treatments  per  section 
although  this  number  varied  from  three  to  seven. 

By  performing  these  two  different  analyses  a  contparieon  of 
variance  terms  was  made  between  projects  as  well  as  between  sections 
with  a  given  project.  Results  of  this  comparison  were  then  used  in 
establishing  guidelines  for  a  statistical  quality  control  program. 

In  addition  to  the  one-way  ANOV,  a  nested  AKOV  was  performed 
to  determine  project  to  project  variation  for  a  given  pavement 
element.  To  accomplish  this,  a  factorial  AKOV  computer  program 
was  employed  with  the  generalised  results  as  indicated  In  Table  2. 

This  approach  shown  in  Table  2  made  it  possible  to  determine  if 
the  effect  of  different  projects  was  a  significant  factor.  An  F  test 
was  used  to  determine  this  significance;  these  data  are  presented  in  the 
discussion  of  results. 

In  determining  the  number  of  tests  requif.red  to  use  a  statistical 
decision  theory  for  a  given  construction  unit,  use  was  ma4e  of  the 
statistical  "t"  test.  Estimates  of  limits  of  accuracy  were  also 
introduced,  based  on  the  "t"  distribution.  In  both  cases,  tise  was 
made  of  the  ANOV  data  to  obtain  an  estimate  of  variance. 
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Table  1 
Generalised  ANOT  (Equal  ntmber  of  tests  per  treatment)  Model  II 


Source  of  Variation Decrees  of  Freedom WtS 

Means  T-1  o^  +  ror^ 

2 
Error  T  (R-1)  o^ 

T  •■  nunber  of  treatments 

R  »  number  of  replicate  tests  per  treatment 
2 

a      >  within  treatment  variance 

t 

s  ^  •*  between  treatment  variance 
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Table  2 
Generalized  Factorial  AWOV 


Source  of  Variation  Degrees  of  Freedom »!§ 

2      2  .     2 
Between  Projects  P-1  »e  +  ^^t  *  "°p 

2      2 
Between  Treatments  T-l  o^  +  ro^ 

Error  PT(R-1H(P-1)<T-1)       o,* 


p  «  number  of  projects 

T  <■  niaaber  of  treatments  per  project 

R  "  cumber  of  replicate  tests  per  treatment 

o,  -  ^i.ror  term* 

■J       2 

V  vc^     •■  treatment  within  project  component 
Kro^  "  project  to  project  component 


*  It  is  noted  that  the  error  term  includes  the  within  replicates 
component  and  the  interaction  effect.  This  is  due  to  the  fact 
that  the  Interaction  effect  is  actually  non-existent  since 
there  is  no  relationship  between  treatment  t,  of  project  ?,  and 
treatment  t,  of  projects  P2  or  P^.  The  computer  proRrara  is  such 
that  this  term  is  added  into  the  within  replicates  component 
thus  giving  the  error  term. 


X7 


The  relationship  betveen  laboratory  and  field  determined 
moisture  coatents  as  veil  as  between  laboratory  and  field 
sieve  analyses  were  analysed  using  a  standard  weighted  regression 
analjrsis  computer  program.  It  vas  thus  possible  to  determine 
operator  effect  and  project  or  soil  type  effect  on  each  of  these 
test  comparisons  by  comparing  appropriate  correlation  coefficients 
and  rei^ession  line  equiations. 

The  brief  discussion  of  the  statistical  analyses  tjsed  ir.  the 
study  is  introduced  to  acquaint  the  reader  with  the  techniques  which 
are  employed  in  the  analysis  of  the  results.  Further  discussion  and 
clarification  cf  these  methods  will  be  presented  as  required. 
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RESULTS  AND  DISCUSSIO??  OF  RESULTS 

Canpaeieon  of  Tsatitig  "Proeedusfea 

Field  One-?oiat  Versus 
Laboratory  Compaction  Tests 

The  field  "one-point"  eoicpactlon  test  waa  chosen  as  the  means 
to  determine  the  tsaximtaa  laboratory  density  for  each  msbgrede  test. 
The  one-point  technique  has  been  Inve8tis5ated  by  several  different 
agencies  and  the  results  obtained  frosa  these  st^idies  heye  been 
favorable.  In  particular,  reference  is  raade  to  work  done  in  1938 
by  K.  B.  Woods  and  R,  R.  Litehiaer  in  Ohio  (20).  From  this  oriRinal 
work  tjrpical  curves  of  moisture-den s;ity  were  developed  for  soils  fovind 
•>a  Ohio  (15). 

For  this  study,  a  set  of  typical  compaction  curves  for  Indiana 
soils  vas  used  (Figure  1) .  These  curves  were  developed  from  laboratory 
data  by  W.  T.  Spencer  of  the  Indiana  Highway  Coromlssion.  The  curves 
are  plotted  on  a  wet  density  basis  with  corresponding  optimum  dry 
densities  end  tftoisture  contents  also  indicated  is  tabular  form. 

A  compaction  test  was  performed  in  the  field  following  ASTK  1)698-64  T, 
Method  A.  The  data  from  this  test  were  plotted  on  the  family  of  curves 
and  the  appropriate  compaction  curve  for  the  soil  determined  by  Inter- 
polation. Standard  compaction  tests  were  also  performed  in  the  laboratory 
on  some  of  the  soils.  A  comparison  was  then  made  between  the  maximum  dry 
density  values  obta5.ned  by  these  two  methods  (i.e.  one-point  and  laboratory] 
A  total  of  eighty  comparisons  were  made  for  the  three  subgrade  proiects. 
Results  of  this  comparison  showed  the  maximum  dry  densities  from  the  f izld 
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eests  cvezsged  3.11  pe£  Icwer  than  th&  correspoisding  laboratory 
values  <8a«  Figure  2).  Treaeisg  each  project  individually,  the 
average  differences  betweea  laboratory  and  field  maxinnim  dry 
densities  were  Project  S-l»  x  »  2.5  pcf ;  Project  S-2,  x  »  4.3  pcf 
end  Project  S~3t  s  "  1.8  pcf. 

Act   insight  into  the  reason  for  this  deviation  between  field 
and  laboratory  values  existing  nay  be  gained  by  eseamining  the 
difference  between  the  tests  themselves.  In  the  standard  laboratory 
eoarpactlon  test,  the  sastple  is  reused  for  each  point  on  the  eoapaetlon 
curve  vhereas  the  field  test  used  in  this  study  did  not  invclve 
reusing  the  soil.  Studies  have  Esho«m  that  reusing  the  soil  vlll, 
in  Bost  cases,  result  in  higher  naxisnai  densities  than  would  be 
obtained  by  using  a  nev  ssisple  for  each  coopaction  point.  Also,  the 
laboratory  teats  were  perfonaed  on  a  concrete  floor  whereas  the  field 
test  was  conducted  on  a  ssiall  concrete  block  on  the  grade.  Because 
of  this  difference  in  test  nethods,  it  is  possible  that  laore  ccrapactlva 
effort  was  abosrbed  by  the  soil  in  the  laboratory  test  than  in  the 
field  teat  xrLtli   resulting  higher  values  of  aaxlxBum  density  in  the  former 
case. 

It  is  noted  in  Figure  2  that  in  some  cases,  extremely  large  deviations 
(as  much  as  up  to  12  pcf)  existed  beti/een  results  of  the  one-point  and 
laboratory  compaction  test.  These  large  deviations  are  attributed  to 
operator  error  and  are  not  felt  to  be  truly  indicative  of  the  relation- 
ship between  these  tests.  A  study  of  the  occurrence  of  large  deviations 
(values  greater  than  4.0  pcf)  indicated  that  neither  an  individual  project 
nor  an  individual  operator  had  a  direct  effect  on  the  wide  variations  betwee 
laboratory  and  field  test  results. 
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Figure  2  also  shews  a  coaparison  betvaen  the  results  of  this 
study  and  tho»e  obtained  in  a  comprehensive  investigation  at  Pnrdus 
Ihilversley  b]r  !••  6*  Werners  (19).  Results  of  Werners*  study,  based 
on  861  observations,  of  aaxlsmn  density  as  determined  fTom  a  standard 
laboratory  compaetlon  test  compared  to  the  value  from  the  one-point 
compaction  test  showed  that  92  per  cent  of  the  one-point  values  were 
within  4.0  pcf  of  the  laboratory  curve  value.  Results  of  this  study, 
based  on  80  comparisons  showed  70  per  cent  of  the  one^olnt  data  to 
be  within  4.0  pcf  of  the  laboratory  value.  If  it  had  been  possible 
to  make  oiore  comparisons  in  this  study.  It  is  felt  that  the  results 
nt   these  two  studies  would  more  closely  approximate  each  other. 

The  Indiana  typical  compaction  curves  do  not  apply  to  materials 
having  wet  densities  exceeding  142  pcf.  Whenever  this  value  was 
exceeded  in  this  study  use  was  made  of  the  Ohio  typical  compaction 
curves.  Incidental  to  this  study,  a  comparison  was  made, between  per 
cent  compaction  as  determined  by  the  Indiana  and  Ohio  curves.  An 
average  difference  of  0.65  percentage  points  was  observed,  indicating 
no  appreciable  difference  between  results. 

The  results  of  this  study  suggest  that  the  use  of  the  field  one- 
point  compaction  test  is  Justified  and  that  the  results  are  comparable 
to  those  obtained  in  the  laboratory.  It  should  be  noted  that,  for 
future  field  work,  the  Indiana  curves  should  be  extended  for  both  higher 
and  lower  density  materials  to  make  them  self-sufficient.  An  alternative 
to  this  would  be  to  adapt  the  Ohio  curves  per  s&. 
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The  oxte-poiat  test  has  mn  added  advantage  over  the  JiLsboratory 
teat»  In  so  far  as  eompactlcn  control,  is  concerned »  In  that  it 
permits  selection  of  the  correct  control  curve  based  on  data  obtained 
at  a  specific  test  location.  Farther  comparisons  of  this  technique 
with  other  techniques  will  be  made  in  subsequent  paragraphs  of  this 
report. 

Field  and  Laboratory  Heasuremcnt  of  Moieciure  Content 

The  ability  of  the  operator  to  accurately  me&tsare  soil  taoieture 
content  la  the  field  is  a  prerequisite  to  the  use  of  the  typical 
co&ipaction  control  curves  and  the  determination  of  ln~pluee  dry 
density.  Moisture  content  was  determined  in  this  fi«ld  study  by 
dryinjK  a  sample  of  the  material  on  a  portable  field  etove.  To  check 
the  accuracy  of  this  drying  aethod,  selected  samples  vare  sent  into 
the  laboratory  and  oven  dried  at  105*C. 

A  total  of  325  of  these  check  tests  were  made.  The  results  of 
this  comparison  showed  91.7  per  cent  of  the  field  and  laboratory 
moisture  contents  to  be  within  +  2  per  cent  of  each  other  with  an  overall 
averap;e  deviation  of  +  0.8  per  cent.  Figure  3  shows  a  plot  of  these 
data  with  the  dashed  lines  indicatlnj;  a  rani^e  of  +  2  per  cer;t  deviation 
from  the  mean.  The  correlation  coefficient  for  this  plot  is  1.843. 
These  results  indicate  an  excellent  agreement  between  laboratn.-y  avid 
field  moisture  determinations. 

The  moisture  content  data  were  also  cateRorlsed  into  individual  prcv- 
jeets  and  by  operator.  A  regression  analysis  was  perfoTra«:!d  on  €Heh  of 
these  groups.  It  was  assumed  that  any  result  having  a  difference  of 
greater  th«n  A.O  per  cent  moisture  Indllcated  an  onerator  error  ard  these 
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data  were  not  Included  when  comparing  different  projects.  Results 
of  these  analyses  are  presented  In  Table  3. 

The  data  In  Table  3  Indicates  that  one  project  (S-2)  and  one  teas 
of  operators  (I  and  2)  had  correlation  coefficients  that  were 
very  low  In  cooparlson  to  the  others  suggesting  that  both  project  and 
operator  effected  the  accuracy  of  field  moisture  content  determination. 
The  soil  on  Project  S-2  was  granular  accounting  In  part  for  the 
relatively  poor  correlation.  However,  operators  1  and  2  performed 
all  of  their  tests  on  this  particular  project  and  may  have  been 
careless  In  their  work.  It  Is  not  possible  to  say  which  of  the 
factors  (operator  or  project)  had  the  greatest  effect  on  the  accuracy 
of  the  results. 

Field  Dry,  and  Laboratory  Wet,  Sieve  Analysis 

The  field  control  curves  adopted  for  the  subbases  related  amount 
of  material  passing  the  No.  4  mesh  sieve  (laboratory  washed  values) 
to  maximum  ASTM  Density  D698~64T,  Method  C.  Since  use  of  these 
curves  in  the  field  is  of  necessity  based  upon  a  dry  sieve  analysis,  it 
became  necessary  to  estabiish  a  correlation  between  laboratory  washed 
values  and* field  dry  values.  This  correlation  was  established  by 
performing  a  regression  analysis  on  test  results  from  Project  B-1 
(see  Figure  4). 

Data  in  Figure  4  indicate  excellent  correlation  between  field  and 
laboratory  values  with  a  correlation  coefficient  for  the  No.  4  mesh 
sieve  of  0.974  and  a  standard  deviation  of  0.85. 

Table  4  shows  a  summary  of  correlation  coefficients  and  standard 
deviations  for  data  obtained  from  three  projects  and  from  three  different 


Table  3     Susmr.  RegresBion  Anslysle  of 

MoiSwii-t:   vjntent  Coaparisons 


(a) 

Data  Grouped  by  Operat 

or 

Number  of 

Correlation 

Opt 

Observations 

Coefficient 

-i 

<n) 

<R) 

" 

All  Data 

325 

.843 

2.67 

-,  t.    A 

1A9 

.926 

1.77 

99 

.7A1 

3.77 

32 

:■  - 

26 

.-- 

(All 

per  cai; 

*v 

.0 

Number  of 

Corrolation 

Operator 

Obaervations 

Coefficient 

(n) 

(R) 

318 

.86? 

2.46 

59 

.561 

0.92 

S-2 

180 

.744 

3.02 

S-3 

79 

.942 

0.98 
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TabI 
tiegresaion  Analyses  i.-i   ^..cvc--  Analyses  Comparisons 


Number 

of 

■^  ->-J--  <-■- 

Observations 

3/A"  Sieve 

No 

.  A  Sieve 

No.  10  Sieve 

B-I 

101 

R-.968 

O-0.86 

R-.974 
0-0.85 

R-.925 

B-2 

10 

R-.997 
0-0,50 
R-.977 

R-.986 
0-1.36 
R-.955 

J 

10 

0-1. 04 

O-1.08 

' 
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slf.'/es.   It  is  apparent  that  precision  of  field  testing  is  e  functior 
o^  sieve  size  with  the  larger  sizes  givlni!  more  accurate  results  than 
:he  staaller  sizes.   Ifc  was  not  possible  to  compare  accuracy  of  operators 
as  T»o  field  record  was  kept  of  the  individuals  perforralnc;  the  sieve 
analysis. 

CoDipfirlaon  of  T«K»  Density  Sand  Calibration  Techniques 

At  the  outset  o£   this  field  study,  it  wsb  decided  that  the 
sand  fo7  the  in-plaee  density  test  should  be  calibrated  by  making 
use  of  a  eteel  osold  of  known  volusae.  This  technique  varied  front 
the  procedure  used  by  the  lodiana  State  Highway  personnel  vhieh 
eoneists  of  celibiratisig  the  sand  in  the^  sand  cone  jug  itself.  To 
compare  these  two  techniques,  the  density  eand  was  calibrated  by  both 
methods  during  part  of  the  field  study. 

Based  on  a  total  of  thirty  comparisons  an  average  difference  in 
sand  density  by  the  two  methods  of  0.6  pcf  was  obtained.  A  tabulation 
of  these  data  is  given  In  Table  5.  In  all  cases,  the  calibration  In 
the  jug  resulted  in  densities  equal  to,  or  higher  than,  those  obtained 
in  the  taold.  The  maximuin  difference  was  1.2  pcf.  These  differences 
were  of  such  a  magnitude  that  they  had  negligible  effect  on  t!ie  in-piace 
density  test  calculations  suggesting  that  either  method  may  be  used 
with  equal  confidence.  Calibration  in  the  mold  is  recosmended  due  to 
the  possibility  of  breaking  a  glass  sand  cone  jug  and  thus  delaying 
work  while  a  new  one  is  being  obtained  and  calibrated. 

It  is  noted  from  the  data  that  several  projects  and  teams  of  operators 
were  involved  in  these  tests.  However,  no  operator  or  project  effect 
is  apparent  and  the  deviations  discussed  are  representative  of  all 
projects  and  operators. 
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TsbU  5 
CoRparison  of  Sand  Density  as  Obtained  hj 
Jug  Calibration  and  Mold  Calibration  Techniques 


Project 

Operator 

Sand  Density  by 

Sand  Density  by 

Deviation 

No. 

No. 

Jug  Calibration 

Mold  Calibration 
(lbs. /ft. 3) 

Jug-)fold 

(lb8./ft.3) 

B-2 

1,* 

96.4 

95.4 

1.0 

B>2 

1,4 

96.7 

95.7 

1.0 

B-2 

1.* 

96.4 

95.9 

0.5 

B-2 

1»4 

96.6 

93.8 

0.8 

B-2 

3,5 

95.9 

95.1 

0.8 

B«3 

6 

96.3 

96,3 

0.0 

B-3 

2 

96.4 

96.0 

0.4 

8-3 

2 

96.3 

95.8 

0.5 

S-1 

3,5 

95.6 

95.1 

0.5 

S-1 

3.5 

95.6 

95.1 

0.5 

S-1 

3,5 

95.9 

95.2 

0.7 

S~l 

3.5 

95.9 

95.6 

0.3 

B-2 

3,5 

95.4 

95.4 

0.0 

B-2 

3,4,5 

95.7 

94.5 

1.2 

B-2 

3,4,5 

95.6 

94.7 

0.9 

B-2 

3,4,5 

95.7 

94.7 

1.0 

B-2 

3,4,5 

95.7 

95.5 

0,2 

B-2 

3,4 

96,1 

95.2 

0.9 

B-3 

3,4 

96.0 

95.0 

1.0 

B-3 

3.4 

95.8 

95.0 

0.8 

B-3 

3.4 

96.2 

95.7 

0.5 

B-3 

3.4 

96.2 

95.4 

0.8 

B-3 

3.4 

96.2 

95.5 

0.7 

B-3 

1,2.3 

96.0 

95.6 

0.4 

B-3 

1,2 

96.2 

95.8 

0.4 

S-3 

2,3 

96.1 

95.8 

0.3 

S-3 

2,3 

96.0 

95.8 

0.2 

S-3 

2.3 

96.2 

95.8 

0.4 

S-3 

2.3 

96.0 

95.8 

0.2 

S-3 

2,3 

96.1 

95.6 

0.5 

S~3 

2.3 

96.2 

95.4 

0.8 

Z7 


Masimm  Density  csnd  Pw  Cent  C&npacti&n  Canparie&n 

tiaxittum  Density  of  Subbesas 

The  ccTzexit  practice  used  In  contifolling  mjbbase  eoapaction  In 
Indiana  la  to  coatpnte  par  cent  eceapaetion  based  on  a  laboratoi?y 
conpaction  test  aaxlaKaa  density.     One  value  of  aaxiiEiBB  denaity  ia 
generally  eaployad  over  an  entire  project.     Use  of  tMs  procedure  may 
be  suspect  aiaca  Bsetcrlal  Is  generally  aon-hoiaoseiftotts  over  a  construction 

project. 

Having  verified  that  laboratory  sieve  results  for  relatively 
coavse  sieves  could  be  reproduced  in  the  field,  control  curves  ware 
developed  based  on  grain  alze  variatioas.  The  No.  4  sieve  vaa  chosen  as 
the  control  sie'/e  bacaus©  -af  ease  in  performing  field  sieve  analyses. 

Curves  relating  auoclmuBs  dry  density  to  parcentage  of  material  passinK 
a  No.  4  sieve  (with  plus  3/4"  material  removed)  vere  developed  for  each 
project  (Figures  S^  6,  sad  7).  Techniques  for  accomplishinj?  the  above 
are  based  »n  those  preaented  by  Yoder  and  Woods  (21).  Calculated  densities 
based  on  the  method  proposed  by  Humphrss  (11) ,  were  used  as  a  ptuido  for 
developing  the  control  curves  shown  in  Figures  5,  6,  and  7.  Smooth  curves 
having  the  approximate  shape  of  the  calculated  control  curves  were  drawn 
through  the  data  plotted  from  the  laboratory  compaction  tests  saA   these 
curves  were  defined  as  the  Bubbase  field  control  curves. 

Usinp  the  above  control  curves,  values  of  maxitnuni  dry  density  were 
determined  for  each  Individual  in-place  field  density  test  and  these 
values  ware  used  to  compute  per  cent  compaction o  Three  techniques  for 
determining  naziiinim  dry  density  from  the  control  curves  were  studied! 
1)  values  interpreted  from  the  curves  using  field  sieve  data,  2)  values 
obtained  from  these  curves  using  laboratory  sieve  data  and  3)  an  average 
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•value  corresponding  to  the  range  in  percent  of  taaterial  passing 
the  No.  4  sieve  observed  for  each  project.  Per  cent  compaction 
values  were  then  calculated  using  these  appropriate  Qaxlmum  dry 
density  values. 

A  comparisan  of  these  techniques  indicated  that  each  of  the 
three  laethods  resulted  in  approxlnately  the  same  dlstrib^ttion  of 
data.  Figure  8  presents  a  comparison  of  results  using  methods  1 
and  2  described  above  T»hiie  Figure  9  shows  a  corenarlson  based  on 
methods  1  and  3.  These  data  indicate  that  use  of  either  a  field 
sieve  analysis  value,  or  an  averaee  value  of  nuiterlal  passing  the 
No.  4  sieve  yields  about  the  same  results. 

It  must  be  noted  that  each  of  the  subbases  studied  heuii  a 
relatively  low  range  in  values  of  material  passing  the  No.  4  sieve, 
and  in  particular,  the  data  generally  fell  on  the  flat  portion  of 
the  control  curve.  In  contrast  to  this,  if  thia  material  being 
tested  had  plotted  on  the  steep  portion  of  the  control  curve,  the  use 
ot   an  average  value  of  maxlsaum  density  «ould  have  been  questionable. 

MazlnuD  Density  of  Subgrades 

Two  techniques  for  deti3rmlning  raaziaum  dry  density  were  inves- 
tigated. The  first  of  these  was  the  use  of  a  field  one-point  com- 
paction test  «rfaich  has  previously  been  discussed.  The  second  approach 
involved  the  use  of  an  average  naxlann  density  value  for  each  soil  type 
encountered.  To  identify  the  different  soil  types  present  on  each 
subgrade  project,  laborntoinr  conpaction  and  classiflcatioa  tests  w«re 
perfomcd  on  representative  samples  from  the  roadway. 
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Results  of  the  claaelficatloei  tests  axe  cbown  in  FlRurfc  10 
which  Is  a  plot  of  liquid  limit  versus  maxiavsa   dry  deasitv. 
Indicated  on  Figure  10  are  four  soil  s^roups  and  eorrespondinjf 
maximum  dry  detssity  values  for  each  group.  A  fifth  soil  sroop  {not 
indicated  on  the  Vi&uT&'t   havln;?  a  maximum  dry  density  of  98.8  pcf 
wan  slao  iised  in  i-he  <iuaiywta.  fvt    VMii    iut-  >p,  UfKC  «.awti.lce 

were  not  obtained  in  the  field  and  the  average  maximum  dry  densitv 
value  is  based  on  field  one-point  coratjaction  data  rather  than  on 
laboratory  data.  The  five  soil  ^-couos  were  used  in  the  analysi!? 
of  data  from  each  project. 

Also  indicated  on  IfiRure  10  is  a  line  represev;      imilac 
correlation  data  from  a  study  made  by  K,  B.  'f-- •■•  and  R.  R.  LiKehlser 
(?C).  The  close  agreement  between  these  ^ata  of  chlii  «itudy 

lend  validity  to  the  use  of  this  «T>cr.  -  soil  groups.   )*Virther 

discussion  concemiop,  the  sexrv.v..vi»  ^.    -:ie  limits  Indicated  for  each  soil 
«roup  is  presented  In  a  later  sectioti  of  this  report  und«r  discussion  -^f 
material  variability. 

To  Incorporate  these  basic  soil  groups >  a  .classification  r- 
performed  on  representative  samples  from  the  in-place  denslt         on 
this  basis,  each  field  test  was  aeslsined  to  one  of  the  five  soil  sroups 
and  per  cent  compaction  was  computed  usinK  the  aporoprlatfi  maxlnium 
densities-  Figure  11  shows  the  fretmency  distributions  of  p«r  cent 
compaction  usin;;  this  technioue  and  the  one-point  compaction  test  data  for 
Project  S-3. 
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It  is  observed  In  Figure  11  Chat  sverage  percent  cogipaction  Is 
higher,  and  standatrd  deviation  Is  smaller  for  data  based  on  the  one- 
point  compaction  tests  contrasted  to  use  of  average  values  for  the 
soil  group.  One  half  of  the  values  based  on  the  soil  group  approach 
shoved  an  average  cotnpactlon  less  than  95  percent,  whereas  the  corresponding 
figure  for  the  cme-point  compaction  approach  was  only  25  percent  of  the 
tests.  * 

The  sane  trend  betx^reen  these  two  techniques  for  computing  percent 
compaction  was  also  observed  for  the  other  two  subgrade  projects.  It  is 
difficult  to  determine  which  of  these  approaches  gives  the  most  correct 
answer  as  they  are  merely  a  comparison  of  two  results  of  which  neither 
may  be  the  correct  solution.  However,  it  should  be  recognized  that  the 
approach  based  on  soil  groups  le  a  laboratory  technique  and  is  not  conducive 
to  blmple  field  application.  On  this  basis,  it  would  appear  that  the  use 
of  field  one-point  compaction  tests  would  be  the  better  of  the  two  cechniques 
for  field  use. 

Use  of  Dry  Density  vs  Wet  Density 

Throughout  this  study  per  cent  compaction  was  determined  on  the 
basis  of  dry  density  values.  This  vae  necessary  since,  due  to  construction 
schedules  ar.d  the  schedule  of  this  project,  It  was  not  possible  in  many 
instances  to  test  the  subgrades  Immediately  after  final  compaction  and, 
therefore  use  of  wet  densities  would  have  been  qtiestionable  due  to  possible 
drying  out  of  the  compacted  soil. 
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A  coaparlson  of  laoiaeurs  content  at  time  of  test  and  the 
optlBMB  noistvze  content  is  nhoan  by  Figure  12  for  the  three 
subgrade  projects.  This  plot  shows  that  two  of  the  projects  were 
tested  (on  the  a:verage)  at  soiBe  moisture  content  less  than  optimum 
while  the  aoll  on  the  third  project  was  slightly  over  oprlonan. 

Since  the  Indiana  State  Highway  Coianission  normally  computes 
per  cent  coeapactlon  based  en  wet  density,  a  comparison  was  made  bet- 
ween results  obtained  using  both  wet  and  dry  density.  It  was  found 
that  a  higher  average  value  of  per  cent  compaction  was  obtained  using 
dry  denaity  for  the  two  projects  tested  dry  of  optimum.  However » 
on  Project  S-3  which  was  tested  at  near  optimum  moisture  content,  use 
of  wet  density  resulted  in  approximately  the  same  per  cent  compaction 
Values  as  obtained  using  dry  density.  These  data  were  expected  and 
they  tmderscore  the  need  for  testing  the  subgrade  iimtediatety  after 
compaction  if  the  contrrtl  is  to  be  based  on  wet  density  values. 

Varui^Hty  Obatuved 

Per  Cent  Compaction 

To  determine  the  distribution  of  per  cent  ccmpaction  results, 
tests  for  normality  using  the  Kolomogorov-Smimov  test  were  performed 
for  all  projects.  In  all  cases  the  data  was  found  to  be  normally 
distributed  with  the  results  of  this  analysis  as  shown  in  Table  6. 

Also,  a  test  to  determine  homogenity  of  variance  between  control 
sections  within  a  project  was  performed.  The  test  chosen  to  determine 
hocwgenity  was  the  Poster-Burr  Test,  which  uses  a  Q-test  for  equality 
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Table  6 


]    vi-     A«ifiibS    kCr    t>». .».w_-.  ij    vi-     I  ■-,*    s»»^ix«.    ^'•. 


&  «  0.5 


<1)           (2)  (3) 

.033C  .133 

.0503  .136 

.0266  .137 

B-1          .0437  .138 

.0494  .128 

«0261  .122 


* 


Cosipi 


n 

**  NormallKy  ex£es:8  if  value  ifrom  coltsmu  (3>  cseeeds 
value  of  coltsBQ  (2) 
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of  variancea  aai   was  chosen  due  to  iCs  applicability  to  small 

sample  slses  with  unequal  decrees  of  freedim.  A  detailed  dea- 
crlptlott  of  this  test  may  be  found  in  reference  (8).  For  this 
study  the  aample  aise  is  taken  aa  the  number  of  control  aectione 
per  project.  The  results  of  this  analysis  are  ahovn  In  Table  7 
and  indicate  that  homoRenity  of  variance  did  exist  between  control 
sections  for  each  project.  The  distribution  of  per  cent  compaction 
for  the  three  subgrades  studied  is  shown  in  Figure  13.  The  average 
per  cent  cocapaction  "values  based  on  one-^oint  compaction  test  maximum 
dry  densities  were:   S-1,  x  «  100.6:  S-2,  x  ">  96.8:  and  S-3,  x  »  98.2. 
Also  indicated  are  the  atandard  deviations  for  these  dietributions ■ 
It  is  noted  that  the  range  in  per  cent  compaction  observed  ranged  "'om 
approximately  85  per  cent  to  110  per  cent  for  all  three  projects 
indicating  a  relatively  wide  spread  in  compaction  results.  Reference  to 
Figure  13  shows  that  Project  S-1  h&\   the  highest  average  per  cent 
compaction  and  that  Project  S-3  had  the  lowest  standard  deviation 
(narrowest  range  in  per  cent  compaction)  indicating  more  uniform  com- 
paction for  this  lotter project.  Project  S-2  had  the  ooorest  control 
as  evidenced  by  its  lowest  average  par  cent  compaction  and  largest  standard 
deviation. 

Figure  14  shows  cumlative  polygons  for  the  three  subgrade  orojects. 
Based  on  a  specified  value  of   100  oer  cent  compsction,  reference  to 
this  figure  indicates  tliat  approximately  fifty  vev   cent  or  more  of  the 
testa  performed  for  each  project  failed  to  meet  this  specification. 
Project  S-2  Indicated  the  poorest  control  with  75  per  cent  of  the  tests 
on  this  project  falling  below  the  specified  value. 
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Tabic  7 
StsBiary  of  Foster-Burr  Homof;enlty  of  Variance  Tests 

<%  «  .05 


Project 

No.  of 

Q  Statistic 

Tabular 

Accept  HomoKsnity 

Sanpl^s 

Free  Data 

0  Statistic 

Hypothesis  ^ 

(1) 

(2) 

(3) 

(4) 

(5) 

S-1 

11 

.1225 

.126 

Yes 

S-2 

10 

.1205 

.138 

Yes 

S-3 

10 

.1379 

.138 

Yes 

B-1 

11 

.1228 

,130 

Yes 

B-2 

11 

.1125 

.125 

Yes 

B-3 

10 

.1198 

.138 

Yes 

♦  Accept  hypothealG  of  hctnoj^eneous  variances  if  values  in  coliann 
(A)  exceed  values  In  column  (3) 
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The  distribution  of  per  cent  compaction  for  the  aubbase  projects, 
based  on  raaximum  densities  from  the  control  curves,  are  presented  on 
Fif!;ure  15.  Also  indicated  on  Figure  15  are  average  per  cent  compaction 
values  and  corresponding  standard  deviations.  The  average  per  cent 
compaction  values  are  observed  to  be  well  below  100  per  cent.  However, 
the  standard  deviations  are  noticed  to  be  lower  than  were  obtained 
from  the  subgrades  indicating  more  uniform  control  of  density  was  obtained 
for  the  subbase.  The  reason  for  this  uniformity  of  compaction  is  probably 
due  to  the  relative  honcgenity  of  the  subbase  taaterial  in  comparison  to 
that  of  the  subgrade  soils.  Figure  16  shows  cumulative  polygons  for  the 
subbase  data.   It  is  to  be  noted  again  that  all  of  the  subbase  tests  showed 
degree  of  compaction  less  than  100  per  cent. 

Material  Variability 

An  indication  of  subgrade  soil  variability  was  obtained  by  examining 

the  results  of  two  types  of  laboratory  teste  performed  on  samples  obtained 

during  construction.  These  te8t«  were  1)  laboratory  compaction  teste 

following  procedures  specified  in  ASTM  D698-64T,  Method  A,  and  2)  laboratory 

plasticity  tests  following  cither  the  ASTM  standard  specifications  or  th« 

one>polnt  liquid  llnlt  technique  described  by  H.  Y.  Fang  (7).  Periodic 

liquid  llnlt  and  plastic  llni!t  check  tests  insezted  into  the  laboratory 

testing  scnedule  Inaxcated  that  the  laboratory  technician  was  achieving  a 
high  degree  of  reproducibility  in  his  testing. 

Compaction  curves  developed  for  each  project  are  plotted  on  Figure  17, 
18,  and  19,  IndlcatinK  a  wide  range  in  maximum  dry  densities  for  the  soils 
MBq>l«d.  It   la  suggested  here  that  an  alternative  to  the  uso  of  the  typical 
Indiana  curves  as  shown  by  Figure  1  would  be  to  develop  a  set  of  tjrpical 


36 

cusves  for  each  project  and  eo  use  these  for  e<»ipaction  control.  This 
eould  be  aecoMpllshed  in  a  field  laboratory  and  elijoinate  the  need  for 
sending  aasplefi  to  a  central  laboratory. 

A  basic  aspect  of  sobgrade  soil  variability  was  involved  in  the 
saopling  procedure  for  these  laboratory  compaction  tests.  It  vas  felt 
that  by  saopling  the  laaterial  frea  the  general  area  in  which  the 
replicate  sand  cone  tests  were  performed  a  true  estimate  of  the  ccnar- 
paction  curve  for  this  naterial  coiild  be  obtained.  The  assumption  Involved 
irith  this  sampling  was  that  material  variability  in  a  relatively  fsmall 
area  vould  be  alcor.  Six  duplicate  samp lee  (i.e.  an  individual  30  pound 
sample  taken  from  the  area  surrounding  each  of  the  replicate  sand  cone 
test  holes)  were  obtained  for  subgrede  Project  S~l. 

Standard  laboratory  conpactiou  testa  were  then  performed  on  each  of 
these  samples  (labeled  A  end  B)  and  the  results  are  shown  by  Table  8. 
These  data  suggest  that  soil  variability  can  exist  in  relatively  email 
areas  as  shown  by  the  range  in  maximum  density  values  for  tests  34  A  end  B 
and  tests  36  A  and  B.  At  the  same  time  the  rest  of  the  duplicate  testa 
indicate  that  there  is  only  a  minor  difference  in  maximum  density  values 
for  the  samples  selected. 

Data  from  classification  teats  performed  on  the  samples  are  also 
indicated  on  Table  8  along  with  their  corresponding  AASHO  daseification. 
On  this  basis,  only  tests  38  A  and  B  would  Indicate  a  different  soil 
type  as  defined  by  this  type  of  classification  system.  It  is  concluded 
that  in  general  seme  soil  variability  is  possible  in  relatively  sinall 
areas,  but  that  this  probably  would  only  be  detected  by  performing 
laboratory  tests. 
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Table  8 

A  CoiapariGon  of  Maximum  Dry  Density  and 
Optlaum  Moisture  Content  Values  for  Duplicate 
Field  Sanjples  for  Project  S-i 


Test 

Number 

Maslmum  Dry 
Dennlty 
(pcf) 

118.7 
119.3 

Optimum  Moisture 
Content 

(%) 

Liquid 

Liait 

<%) 

Plasticity 
Index 

Claseificeticn 

AASHO 

27  A 
27  B 

13.7 
13.5 

32.5 
36.0 

13.5 
15.2 

A-6  (8) 
A-6  (9) 

32  A 
S2  B 

117.4 
115.8 

14.4 

15.4 

33.9 
34.6 

14.3 

13.9 

A-6  (6> 
A-6  (8) 

34  A 
34  B 

113.5 
110.6 

15.4 
14.3 

41.5 
41.6 

18.4 
16.9 

A-7-6  (11.5) 
A-7-6  (9) 

36  A 
36  B 

123.0 
119.7 

13.4 

13.3 

30.2 
31.0 

12.3 
11.9 

A-6  (7) 
A-6  (8) 

37  A 
37  B 

121.2 
122.6 

12,6 
11.0 

28.1 

8.6 

A-4 

33  A 
38  B 

112.6 
113.5 

17.3 
15.9 

41.3 
37.6 

17.6 

14,6 

A-7-6  (11) 

A-6  (9) 

i?ig«re  10  shows  the  laboratovy  maxircjitt  density  as  a  function  of  liquid 
limit.  Data  on  Figure  10  suggested  a  possible  technlc|ue  for  establishing 
soil  groupings  and  a  further  study  was  undertaken.  Results  of 
this  analysis  are  indicated  by  Figures  20,  21,  and  22.  These 
figures  show  the  relationship  between  plasticity  Index  and  llauid 
limit  for  each  project.  Soil  groups  were  established  for  each  proiect. 
Appropriate  average  maximum  dry  density  values  were  determined  for 
each  group  by  averaging  the  compaction  test  results  falling  into  a 
given  soil  group. 

The  soil  groups  mentioned  aborve  wsr^  arbitrarily  indentifled  as 
Soils  A,  B,  C,  D,  and  E.  Table  9  presents  actual  liquid  limit  and 
plastic  lliait  ranges  for  each  of  these  groups. 

It  was  observed  that  the  soil  groups  (allowing  for  ths  slight 
differences  in  liquid  limit  and  plasticity  indes:  values)  were  repeated 
from  project  to  project  with  soil  groups  B  and  C  existing  on  every 
project.  A  coiaparison  of  average  aaxlsaun  dry  density  values  for  the 
soil  groups  indicated  that  these  values  are  approxiiaately  constant 
for  a  given  soil  group  rogardlsss  of  project.  Based  on  these  results, 
a  classification  (cest  performed  on  the  material  from  the  in-place  density 
tests  permitted  placing  the  soil  into  one  of  these  groups  with  an 
appropriate  maximum  density  value  being  used  to  determine  per  cent 
compaction. 

Figure  23  is  Introduced  at  this  tine  to  show  the  distribution  of 
the  soil  groups  for  Project  S-3.  It  is  noticed  that  the  occurrence 
of  the  soil  types  la  random  and  that  they  are  of  a  reoccurrlng  nature 
from  one  and  tt>  the  other  and  of  the  project.  This  some  trend  was  also 


Tables  9 


Xv: 


I.L  Rsase 
PI  r^asge 
LL  Kaage 


LiquM  "■      •  ■    atid  Plasticity 
for  A:  .':oll  Typa  Groups 


S-1 


18  -  30 
S  -  13. 


39  -  5'J 

1.3  •••  29 

5.  50 


?roJG: 


13  -  IB 


2S  -  39 


c .  •■; 
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obsfcirv-ad  for  the  Ocbtir  sisbgrada  projects.  This  ■^/asiabiiity  neceaaifcatas 
the  accurate  identification  of  the  soil  groups  as  they  c      .one  thu 
project  if  the  proper  Taaxteum  density,  based  on  classification,  is  . 
applied  for  routine  control.  This  latter  polnr     '  generally  preclude  the 
adoption  of  this  techdique  for  field  use. 

The  grain  size   analyses  were  used  to  define  i?ubba8e  material  vari- 
aoiiity.  An  extensive  study  was  made  of  data  fro?a  yroject  S-1  ae  an 
exascpie  since  pi'evious  data  indicated  that  subbas*  ^  eiriabillty  vaa 

siailer  from  project  to  project.  Over  100  afisupivi; ject  S-1 

weie  was.-i  sieved  through  a  nest  of  sieves  including  the  No.  4,  Vo.   40 
sad  No.  200  sieves.  Tub  results  are  shown  on  '      24.  This  flRuit 
indicates  that  a  relatively  wide  range  in  Rrain  s;  -cs 

f  '  --erved  for  this  project.  Ranges  in  per  cent  pasaina;  t.-j^L    Jii  z   ^,.11-. 
two  projects  for  these  sieves  based  on  ten  randomly  selected  ssmples 
i  -     icated  in  Tabic  10  aloaj?  with  the  values  for  Projeo:  3~i. 

..=,;;_--..  data  ini:*icfite  that  material  variability  wh^  .      ..^-.j    din 
for  all  projects  although  Project  B-1  contaiaed  coiiaiuiirably  more  matei 

i^l  riner  than  a  Nc.  200  sieve  than  did  Projecta  B-2  and   B~3.  It  is 
itapcrtant  that  possible  effects  of  grain  sice  ,  rcico-r.lTed  br 

accounting  for  it  in  the  dc-: — -  -ition  of  appropriate  iu:::^iz^  ceabxcy  x'aiu'_i , 

Faotore  Influenoing  0beerV3d  Voopiabiliiu^ 

Variance  Teras 

In  datermining  the  affect  of  each  of  the  Indivic    '  J 

on  the  orverall  variance,  results  from  either  a  niazztCA 

'i  j.o  of  variance  itare  employed.  Model'      sae  are  1- 

by  Table  1  and  2.  The  one-w^y  Bnaly8:;.s  ot  V4rxu::ce,  wnxch  w&a  the 


Table  10 
Ranges  Observed  In  Laboratory  Sieve  Analysis  Data  for  Subbase  Materials « 


Frolect 

Sieve 

B-1 

B-2 

B-3 

No.  4 
No.  40 
No.  200 

58-82 
9-23 

53-73 

11-33 

2.8-8«5 

63-79 

14.7-30 
3.3-7,5 

*  Note:  Daes  in  Table  represent  per  cect  uf  total  is&eerlel  passiog 
fi  given  sieve 


hi 

primary  technique  used  involves  two  basic  variance  terms,  thesa  beinR 
1)  within  treatment  variance  and  2)  between  treatment  variance  where 
a  treatment  is  defined  as  a  pair  of  duplicate  (alx  inches,  apart)  field 
tests. 

The  between  treatment  variance  represents  variation  in  compaction 
from  station  to  station  along  the  project  and  la  attributed  to  three 
main  factors:  1)  taaterial  variability,  2)  contractor  (cr  compaction 
technique)  variation  and  3)  technician  variability. 

The  within  treatnent  variance  reprea-^nts  variability  due  to 
1)  technician  variability  2)  inherent  Inconsistency  In  the  teat  ituAlf 
(sand  cone  or  one-point  compaction  teat)  3)  soli  variability  within  a  small 
testing  area  and  4)  compaction  variability.  Soil  variability  and 
variation  In  the  compaction  process  were  assumed  to  be  of  less  importance 
than  the  other  two  factors  considering  the  close  proQcaity  of  the  pairs  of 
tests.  However,  this  should  not  be  interpreted  as  sa3rlng  that  these 
factors  can  be  Ignored  in  the  analysis.  This  leads  to  the  sugjs^estlon  that 
the  major  part  of  the  within  treatment  variance  term  its  attributable  to 
testing  or  technician  variance  with  soil  type  and  compaction  variability 
also  contributing  in  some  part>  This  term  is  herc^ifter  desl^cnated  as 
'Veplicate  testing  variance". 

Variation  Due  te  Different  Projects 

A  nestad  analysis  of  variance  was  used  to  test  for  equal  means  of 
per  cent  conpaction  between  projects.  This  was  done  on  the  basis  that 
all  contractors  wer«t  working  towards  the  same  cowpaction  »p«iclfication  and 
thus  should  (under  ideal  conditions)  obtain  slailar  results.  An  F-ratio  W2S 
computed  for  the  data  and  this  value  used  to  test  the  Vtypotheals  of  equal 

with  the  requirement  that  the  hypothesis  of  equal  lueana  Is  rejected. 
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if  the  Cv     '  '     a  Is  greater  than  the  coe. 

vslue.  Results  of  these  analyses  as  shewn  by  Tables  A-1  and  A~2 

of  tha  Appisndix,  indicated  a  slgnlfieant  difference  b«tve  . 

-'  ---  -  -'.5>action  existed  for  each  projeet  ac  tut;  -iji  accept' — 

level. 

.od  for  the  data  of  each  inc      l 
"ni  A-4  of  the  *"•        In  all  --""■-  ^-"i 
:;ac!nt8  within 
cant  indicating  a  further  breakdovt 

these  results,  it  was  decided  that  eac      .•...   ^.....^v.  .^       .  ^  ... 
tr  '1  sections  for  furt      ^dy  of  the  va 

Witikir 

Each  projc^  ig  a  one-way  i  •>! 

sections  wii  :ween  treatment  vari 

Results  as  iii  — -:-i -5  show  that  the  bel»L._.  ^    3 

varied  widely  from  one  control  sect '    '  the  next  within  '  t 

r,  the  variances  were  in  gc>uerai,  dataller  for  the 

tc        ._        :  .   GGCtlcna  haT'lrg  swall  between  treati         "e 
terms  ar-  '  ''       )f  unifoi-a  cciapac 
is  indie  control  sectiorus  ha 

Plfurr         '5  Indicate  the  s      -jer  cent  r- 
for  each  repj-iciuc  .xon 

for  parts  of  Projects  S-3  and  B-3.  It  it  variations 

in  per  cent  compnction  occnrred  over  relatlrelv  short  lengths  of  roadvay, 
especxaljiy  ior  cne  suograde  soiig.  Also,  zic.  i.  ciaie  or  cms  variation 

is  observed  to  vary  from  section  to  section  and  appears  random  in  nature. 
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T&ble  A~6  gives  Ehe  sverage  per  cent  cocp&ction  obtained  for  each 
control  section  of  the  three  subgradc  projects  an4  shows  the  nature 
of  variability  froot  section  to  section.  Both  operator  effect  and 
aatarial  variation  are  partly  responsible  for  this  v&rlst' 
discussed  in  the  following  sections. 

llaterial  Type  Effect 

A  general  effect  noticed  vas  the  large  difference  In  both  the 
between  variance  terms  and  the  within  variance  tenaa  when  comparlr 
two  povaaents  components  in  general.  In  particular,  Che  wit. 
teras  for  the  subbase  were  observed  to  be  vmch  smaller  than  those 
recorded  for  the  subgrades.  Typically  this  variance  term  for  the 
subbases  was  approxlaiately  4,  coaparad  to  approxiiaately  14  for  the  subgrades 
(Tables  A-3 ;  A-A) .  Overlay  sheets  for  Figures  25  and  26  show  these  per  cent 
coopaction  variations  between  individual  test  locations  for  both  a  subgrade 
and  subbase  project  indicating  a  much  closer  agreement  for  replicate  suLbese 
tests  than  was  observed  for  subgrades. 

Several  factors  are  felt  to  be  the  cause  of  the  difference  between 
subbase  and  subgrade  results.  First,  difficulty  lo  generally  encountered 
whea  performing  the  in-place  density  test  itself.  In  most  instances  cne 
subgrades  in  this  study  were  tested  after  a  period  of  time  had  elapsed 
from  initial  compaction  and  therefore,  some  drying  out  of  the  subgrade 
occurred.  This  drying  out  resulted  in  the  material  becoming  very  hard 
which  increased  the  difficulty  of  performing  the  sand-cone  density  test. 
On  the  otner  hand,  the  subbases  were  generally  tested  liimedlately  after 
compaction  and  were  therefore  near  optimum  moisture  content  which  allowed 
a  density  hole  to  be  dug  relatively  easily.  The  average  difference  between 


ii5 
replleat*  lia-pl«c«  d«a«ity  teats  for  subgradess  vaa  4.1  pci  vhareas 
this  value  droppod  to  3.3  pcf  for  the  m&tMiees.  A  euatoarf  of  these 
values  by  projects  Is  given  lit  Table  11. 

Project  S»2  showed fi  particularly  high  average  difference  between 
replicate  tests  (4.95  pcf);  this  is  attributed  to  the  large  proportion 
of  stones  larger  than  a  No.  A  aicve  encountered  which  in  turn  incrcnsed  the 
difficulty  of  perfor»j.ng  the  sand  cone  test. 

A  second  possible  factor  leading  to  higher  within  variances  for  the 
eubgrades  is  the  fact  that  this  terra  includes  all  field  testing  variances. 
For  the  subgrades  this  included  both  the  sand  cone  density  test  and 
field  one-point  cotapacttca  test  whereas  the  eubbase  teatlng  involve** 
the  sand  cone  test.  This  difference  could  result  in  a  larger  variance 
term  for  the  subgrades  due  to  larger  chance  for  an  operator  variance 

existing. 

Also,  if  it  is  assumed  that  variations  in  soil  type  can  exist  over 
relatively  sseall  areas,  the  non-homogenlty  of  the  subgrades  in  comparison 
to  the  subbases  would  lead  to  higher  within  treatment  variances.  This 
factor  of  soil  homogenlty  also  has  an  influence  on  the  between  treatment 
variances.  Also,  the  general  nature  of  the  materials  Involved  was  no  doubt 
a  factor.  The  subbase  laaterials  were  lauch  less  variable  than  the  subgrr.de 
soils  and  this  hooogenlty  of  material  along  the  project  provided  for  a 
tnore  uniform  compaction  condition. 

As  previously  indicated  the  subgrade  soils  were  divided  into  five 
basic  groups  and  a  study  of  per  cent  compaction  based  on  the  soil 
groups  was  made.  Table  A-7  presents  the  freqiicncy  of  occurrence  of  those 
five  soil  groups  for  Project  S-1  and  S-2  end  the  corresponding  averag« 
per  cent  coopaction  for  each.  Considering  these  data  for  all  projects 
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Table  11 

Average  Differences  Between  Sand 
Cone  Deiiaity  Tests  for  Replicate  Tests 


Project 


Nunber  of  Replicates 


Average  Difference  Between 
Sand  Cone  Density  Values  for 

Replicate  Tests 

(ibG./  cu.  ft.) 


S-1 
S-2 
S~3 
B-1 
B-2 
B-3 


48 
A8 
49 
51 
55 
50 


3.32 
4.95 
4.18 
4.15 
3.35 
2.24 


togecher,  average  per  cent  cootp&ctioc  ranged  from  92Z  for  Soli  k 
to  103%  for  Soil  E.  Likewise,  average  dry  denelCy  values  raxtged 
froB  122.6  pef  for  Soil  A  to  101.7  pcf  for  Soil  S.  Theae  data 
Isdlcata  that  little  difficulty  was  encountered  In  obtaining  100  per 
cent  eoapactlon  for  the  low  density  soils  bat  that  as  iwaxlmua  dry 
density  increased  the  per  cent  compaction  level  achieved  decreased.  A 
possible  conclusion  from  this  vould  be  that  an  erroneous  value  of  maximum 
density  (representing  a  lower  density  soil)  for  ecarpaetlon  control  nay 
have  been  applied  to  some  soils  encountered  on  a  project  which  t^ould 
particdly  account  for  the  decrease  in  per  cent  compaction  with  an 
increase  in  waxlmtan  density.  This,  however,  cannot  be  ac      ::sd  with 
certainty. 

In  analyzing  each  project  individually,  a  similar  trend  of  high 
per  cent  compaction  for  soils  havlag  a  low  maximum  density  value  was  noted 
for  the  soils  involved  on  Projects  S-1  and  S-2.  However,  on  Project  S-3 
the  compaction  obtained  was  approximately  the  same  for  the  primary  soils 
groups  I'jvolved,  although  they  varied  in  maximum  density  characteristics. 

An  analysis  of  the  t%ro  soil  types  (B  and  C)  that  were  encountered  on 
all  three  projects  showed  tl^tai  approximately  the  same  per  cent  compaction 
was  achieved  for  these  soils  regardless  of  project  or  contractor. 

A  comparison  of  between  treatments  and  within  treatment  variance  terms 
for  Project  S-3  for  the  original  2000  foot  control  sections  was  made  with 
tha  variance  obtained  when  soil  type  was  used  as  a  basis  for  comparison. 
This  is  shown  by  Table  12.  Results  of  between  tests  variance  for  soil  type 
sections  within  a  project  showed  the  same  wide  variation  existed  as  were 
detemlned  using  the  aribltrary  2000  foot  '^ontrol  section,  indicating 
little  difference  in  precision  of  the  two  techniques. 
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A  Comparison  of  Variance  Terms 
Uelng  a  Constant  Size  Control  Section  Versus  Sections 
Based  on  Soil  Class  Hroups 

Project  S-3 


a)  Data  based  on  Soil 
Groups  as  defined 
and  eorrespoadlviji 
Density  Values 

Classification 
In  thie  report 
Group  Maxlmtim 

b)  Data  based  on  arbitrary  2000  foct 
control  section  and  one-point 
ccHnpaction  test  naxiffium  density 
values 

Field  I'asts  Betweeo.  Treatment 
Iw^olvad      Variance 

Kithin  Treatfiieuc 
Vartancfc 

Field  Tests  Betveen  Treatmeot 
Involved      Variance 

Within  Tre-ionenf 
Variance 

4,3 

31.06 

3.49 

1-5 

7.08 

1.70 

i,3 

0 

.37 

6-10 

5.84 

4.84 

6-10 

6. 6ft 

3.39 

11-15 

40,46 

1.98 

11-15 

42.67 

7.77 

16-20 

?.62 

3,04 

17,19 

51.34 

4.43 

47-50 

0 

46.50 

16,18,20 
46-50 

2.05 

19.94 

21-25 

13.97 

5.90 

21,22,24 

11.91 

7.37 

31-35 

0 

12.96 

23,25:;!l-35 
37- }9 

22.19 

6.52 

36-40 

18.69 

18.36 

27,28,36,41 
43,44 

16.01 

9.27 

41-44 

8.95 

3.25 

26,29,30 

23.41 

15.21 

26-30 

9.63 

13.43 

Entire  Project 

17.19 

8.P3 

Entire  Project 

8.03 

12.69 

Effrecfc  of  Testing  Parsonnel 

A  study  of  within  tteatwent  variance,  which  is  primarily  an  indicstio: 
of  opjrqtor  verlRuce  oJ.ue  inherent  t^stin^  variance,  provided  an  insi?-^ 
Into  the  ttiisnitude  of  operator  variance  and  its  relatlonehlp  to  the  --va 
variance  observed.  An  examination  of  the  within  variance  terms  for  i" 
Bubbase  projects  shewed  that  this  valua  decreased  t-.cineiderebly  as  th- 
testlnR  program  progressed.  That  is,  this  valua  was  highest  for  x.>^z   ?i.l 
project  studied  and  lowest  for  the  last  ane  tested  indicating  that  sf 
tha  operators  gained  experience  in  perfennii^  thft  field  test  their  I'esuXts 
became  more  consistent  (See  Table  A-.4) .  The  importance  of  this  observation 
lies  in  the  fact  that  as  the  within  varlaiice  term  decreases  the  rcauired 
number  of  tests  to  insure  a  given  level  of  quality  also  decreases. 

The  above  trend  was  not  as  noticeable  fcr  the  eubarsdei-  -....  v-... 
the  error  t-arra  for  the  last  project  tested  was  smaller  than  that  for  fa<i 
first  one  studied   (See  Table  A- J),  It  is  noted  that  Che  first  project 
was  tested  after  some  period  of  tiiae  h»ti  elapsed  fVon  ;  1 
whereas  the  last  project  was  tested  at   the  tiin«  oj-  imai  co,apuc:-iou.   ine 
highest  subprade  error  term  was  on  Project  S-2  which  has  been  prevloualy 
indicated  as  being  composed  of  material  in  which  it  waa  dlfFtcult  to 
perform  the  In-place  densltv  test.  Thus,  differences  in  soil  charactarlatlcF 
and  the  amount  of  drying  that  took  olace  befo-e  field  testing  are  fels; 
to  account  for  the  facf.  that  oner;;      ?erience  had  little  effect  on  the 
results  obtained  on  the  subgrades. 

Table  A~C»  presents  the  within  treacmeiit  variance  terms  for  th 
T>roJec»:s  Investigated  broken  dotvn  into  individual  operator  tesno. 
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verlabllitv  exist??  ever,  vhen  Tr,ctsrial  --.nd  d-p-;:       ..^ ii.<l 

more  or  itaef  consceiit.   ior  jne  iucgrace  it  zsmct.   ac;  realized  ■'      ,i 
soil  Itself  ia  highly  variable  and  thus  can  lead  to  compaction  vari- 
ations regardless  of  the  operators  involved  in  the  test:. 

TV   '  —  f-ral  conclusion  concerning  construction 

ore  disctissed,  and  possibly  others  not  stt-      re  in- 
terrelated and  must  be  analyzed  as  an  overall  variability, 
ability  was  in  evidence  on  all  t-iiv   elements  investigated  indicating 
that  it  is  of  a  universal  nature > 
Gu-idelinsa  for  a  Statietioal  Quality  Co.  rrrni 

One  of  the  first  factors  to  consider  wa^t.  ^.:^c^  .ui  i^-a 

procedures  iine  the  appropri. 

used.  One  technique  previous;  ,;o 

divide  the  project  dLnto  sections  on  ...„.,  .^  aoil  type.  However,  it 

was  decided  that  this  technique  vas  not  conducive  to  field  use  due  to 

the  difficulty  involved  in  id-  oils.  Anothc 

would  be  to  establish  the  he  has 

construction  of  a  particular  aj.exE.ent  leubbase  or        =;.   ji-..'^ 

if  a  constant  number  of  tests  per  day  is  specified  the  number  .      a 

per  unit  of  length  obviously  would  depend  ,  a, 

It  ia  believed  that  the  most  desirable  method  would  be  to  est.Q^.  _,c 
a  fixed  length  (or  volume)  of  material  for  the  control  sections.   This 
method  allows  equal  control  ol  the  element  from  section  to  section  thereby 
insuring  more  uniformity  along  the  roadway. 

Since  it  is  not  possible  to  determine  the  true  mean  of  percent 
compaction  for  a  given  control  section  because  an  infinite  inanber  of  teats 
would  V.e  rtfjulred.  It  tht?rt»for»">  Vi<^cniniJ-i  necessary  '"'■i  i-v^orQ»  r 
xancoic  sari.pj.e  iroa  tnls  popuiation  and  base  the  decision  of  quality  on 


the  oean  of  the  eampie.  To  aceooplisYi  this  a  hypothesis  test  was 
wsed  to  test  for  equal  means  betwaen  a  given  sample  size  aod  the  total 
population,  thus,  the  mill   hypothesis  tested  was  Ho:  \i   "  Vo   versus 
the  alternate  hypothesia  A:  ii  At  Mo  where  v  -   average  of  n  obaervations 
and  Uq   ■»  trust  aiean  of  t'tie   population.  If  the  cull  hypothesis  is  uccp-ptecl, 
theu  the  mean  of  the  jample  is  said  co  equal  the  true  mean  of  the  Jjc'v^^  i. .  m., 

li^  order  to  perfsi't^  this  hypothesis  test,  it  is  necessary  to  establish 
values  for  several  variables w  These  are  tha  probability  errors  a  aaa  £, 
.  li  iatiaate  of  the  true  standard  dcv:l£tion  or  variance  and  J:bc 
difference  between  the  sample  maan  and  the  true  population  mean  that  can 
be  tolerated  without  detection.  This  later  value  is  denoted  by  the  sycbol  d. 

Thus,  two  cf  the  first  variables  established  were  acceptance  and 
rejection  levels.  That  Is,  a   permisoabls  probability  of  rejection  cf  "good" 
construction  (a   error)  and  a  perraissable  probability  of  acceptance  cf  "bad" 
construction  (B  error)  must  be  selected.  Due  to  the  nature  of  these  errors, 
conflicting  views  concerning  tha  values  to  be  used  are  bound  to  occur. 
The  seller,  or  contractor,  in  the  caa*  of  hlgh«ays  would  want  o.  to  be  veiy 
small  and  would  allow  6  to  reach  a  relatively  high  value.  On  the  other  hand 
the  buyer,  in  this  case  the  State  Highway  Commiseiori ,  would  ciqiress  the 
opp-^slte  desire. 

On  the  basis  of  the  above,  a   and  8  levels  of  .05  were  arbitrarily 
chosen  for  purposes  of  determining  the  requited  number  of  control  tests. 
These  values  state  that  ^X  ci   the  time  an  erroneous  decision  may  be  made 
regarding  the  acceptance  of  poor  quality  construction  and  the  rejection  of 
satisfactory  quality  material . 


Having  established  the-,  a  and  B  errors,  a  value  for  d  (the  ciinlr.un 
value  at  which  it  Is  desirable  to  detect  a  difference  between  the  saurpXe 
raean  and  the  population  mean)  was  selected.  To  correspoAd  with  present 
constructiou  specifications  for  subgrade  and  eubbasc  Gompaction  the  desitad 
true  population  mean  was  taken  to  be  iOO  per  cent  ccajifictice.  This 
aoatsnption  states  if  the  hypotheeia  of  c<|«al  neans  is  accepted,  then. 
the  control  section  1b  accepcad  as   havlns  a  tru«  raean  of  100  per  cent 

cospeccion, 

A3  an  cKaiaple  of  the  above*  mnstvs&e  &  d  valye  of  5  ji&r   cc...^.  .... 
both  the   3'jbgl'ade  and  subbaae  clsaoents.  On  thia  bacis  the  hypothec  Ijs 
states  thet  If  the  sample  mean  exceeds  95  per  csist  cjaapacti'Sa  (tn^e 
mean  of  100%  alaus  d   value  of  5%)  it  is  aot  statistically  possible  to 
detect  the  difference  betwean  a  diotribotio©  having  this  Bcau  and  the 
distribtjtion  Teprcsenting  the  trM«  population  mean  100  per  cent 

ccKtpactiono 

Recc»?:nlxisig  that  as  a  Renerol  rale,  unifcrjnlty  of  cowpsction 
aay  be  raore  critical  for  a  subbasa  under  a  rigid  pavement  ihan  for 
the  snbRrade,  d  values  wer«  selected  which  placed  a  tit?btcr  control  cm 
the  subbase  ccnoactlon  level.  Valuea  for  d  cf  «X  for  the  sufcbasc  and 
7%   for  thfc  subgrade  ware  selected  to  illustrate  the  relative  Jjnportance 
of  the  level  of  compaction  cet;t:ol  which  ia  vcqxii-ced   fcr  each  eleaiont. 

Tae   last  variable  to  be  eatatiisniid  la  ciixn  analysis  wnfl  the  eetiwaee 
of  variance.  To  determine  this  variance  eotinate,  results  o»  the 
analysis  of  ■yarlence  performed  for  each  control  section  of  the  individual 
projcctu  vera  incorporccea.  Keferrlni?  to  Tabla  1,  the  twc  variance 
terms  Involved  arc  the  within  treatment  variance  &r,d  the  between  treatment 
varietic'  vhorc  n  treatment  represents  a  pair  of  "duplicate"  testa.  Aa 
previousxy  a^ycribed  the  vithin  treatment  variance  (o^  )  is  orin'  i 
due  to  the  testing  technique  whereat*  the  barwetm  treatsnent  varii-.ucc 


i:ej:ic3c.rc?»  variiibili5,.v  ;;?.:•£  -^jiiinszlly  to   different  ct«fipac4iwa 
effort,  different  soil  types  (diffeseuK  compaction  cbarecteris 
sad  same  operator  effect  as  work  pcogr^ssoes  along  the  project. 

To  arxive  at  a   realistic  estiiaai:e  of  variance,  a  cosobination 
of  the  variances  vaa  used  to  account  for  both  replicate  testing 
variance  aad  variability  from  treacsnent  to  treatment.  Again  referring 
to  Tabic  1,  the  following  relationship  VAd  used  to  eatsblloh  the 
estimate  of  variance  for  each  control  aectiouo 

cf  «  o^   +  Of.  (1) 

Cf  fa 

where   o   «  estimate  of  variance  to  be  used 
in  hTpothasis  testing 

c,  «  replicate  testing  variance 

2 
o^     -   between  treatmant  variance 

Having  eatabli.8hed  valvics  for  c»,  &><i  and  5  a  statistical 
"t"  teat  for-  tha  significance  of  tteaas  was  used  to  determine  the 
number  of  observations  required  in  each  control  section  in  order  ir.o 
insure  that  a  given  level  of  quality  will  be  attained.  For  this 
study,  use  was  zcade  of  Table  9  in  the  Appendix  of  "Statistics  An 
Research"  by  3.  Ostle  (15).  To  use  this  table  it  ia  aeccesaary  to 
compute  the  value  of  D  which  is  defined  as  '  d/o.  Tables  13  and  lA 
indicates  values  for  n  (nuicber  of  observations  required  per  control 
section)  for  each  control  section  studied  for  the  icdlrated  values 
oi  at   3>d  and  a^ 

An  estlsate  vas  aside  of  the  value  of  requirtid  teats  by  uc: 
catira  project  as  the  cootrol  unit.  It  was  found  tliat  approoilmately  the  aaax'i 
val^aa  of  n  resulted  vhen  ue«  was  made  of  sn  estimate  of  rxriaace  baacid  on 
the  entire  project  as  «  control  section  as  was  obtained  for  the  average 


Table  13 

Numbisr  (n)  of  Tests  Required  Per  2000  ft.  Control  Section  To 
Insure  a  Given  Level  of  Quality 


55 


Sub^rad. 

£§. 

(« 

-  e  -  .05  d  »  7) 

Vraiect 
S-5 

S_1 

S-3 

Section 

0 

B 

n 

0 

D 

n 

0 

D 

n 

1 

6.92 

1.01 

13 

4.50 

1.55 

7 

2,96 

2.36 

*j 

2 

7.61 

.92 

15 

3.60 

1.94 

5 

3.26 

2.14 

5 

3 

7.48 

.94 

14 

7.09 

.98 

l^i 

6.&9 

1.08 

11 

4 

3.05 

2.29 

5 

2.36 

2.96 

5 

2.37 

2.96 

5 

5 

4.13 

1.69 

6 

6.21 

1.13 

11 

6.80 

1.03 

12 

6 

5.88 

1.19 

10 

6.51 

1.07 

12 

4.44 

1.5^. 

6 

7 

5.50 

1.27 

9 

5.96 

1.17 

10 

3.59 

1.93 

5 

8 

5.66 

1.24 

9 

6.60 

1.06 

12 

6.07 

1.15 

11 

9 

2,79 

2.51 

5 

5.64 

1.2^ 

9 

3.48 

2.01 

5 

10 

3.00 

2.33 

5 

5.84 

1.20 

10 

4.79 

1.46 

7 

11 

4.29 

1.63 

6 

Entire 

Project 

5,35 

1.31 

8 

5.76 

1.21 

9 

4.55 

1.54 

7 

n 

*  8.9 

o  -  9.4 

n 

-  7.2 

Number  (n)  c  :roi  Section 


<a 


X 

2 

3 

ft 

5 

4 

.li. 

iO 

5 

05 

12 

6 

7 

-'j. 

6 

8 

9 

1,55 

6 

to 

•^.82       1.05 

1? 

Project       3.2A 


Bid.-  Bn; 

3acr-    -  h  '■  ci  D 


i  .08        .  ytJ 


'^.i-'.- 


;.j.' 


.35 


i.20         iO 
,iJv:  6 


6 

3 

1..29  8 


Ll 

?-? 

D 

2.2i 

i-01 

fe 

1 

8 

y.^o 

5 

2.79 

i.  .3 

« 

2.14 

1.37 

5 

2.90 

5 

2.14 

1.87 

5 

i(.29 

1.74 

6 

2.26 

I   7? 

6 

.u^9 

t 

H  -  9.0 


n  -  0 


5J 

of  the  individual  seetlocs  lndica£ii!>g  that  the  nuraber  of  teste 
rsqulrtid  was  iiid«pendent  of  the  oizs   of  the  control  sectlonA  (See 
TabXea  13  and  14).  A  further  istveatigetion  of  this  phenomona  was 
itsade  by   uaing  a  tjrpical  subgrsde  and  aubbsse  project  and  acctasuleting  the 
variance  frcca  section  to  section  «a»d  correlating  the  number  of  tests 
requited  based  on  these  variances  with  the  accwaulated  length  of  section. 
Fesultt:  of  this  indicated  th&t  the  mcAb«r  of  tests  is  independent  of  the 
length  of  cor.trol  section.  These  datA  are  shown  in  Table  15. 

The  significenctt  of  thics  result  is  that  froia  a  statistical  stand- 
point, decisions  concesming  quality  of  construction  can  be  ?aade  baaed  on 
either  n  tests  perfosraed  over  the  entire  project  or  n  teats  performed 
in  each  of  a  series  of  control  sections.  However,  insuring  an  average 
degree  of  coapaction  for  the  entire  project  does  not  imply  control  over 
smaller  sections  within  this  entire  project.  Thtia,   ike  major  deeision 
to  make  is  "What  length  of  ocntrol  eeoHmi  shculd  be  used  to  inevre 
unifotvn  psTfor^anie  of  the  finiehed  pTGiiuot?", 

Table  16  presents  a  aianiaary  of  average  vfilues  of  n  for  the 
diffareat  projects  based  oa   different  values  of  d  and  variance  estimetee 
for  tsach  Individual  section.  Referring;  to  this  table  it  is  possible  to 
8e3.ect  several  different  values  for  n  which  could  be  employed  In  a  fielc 
program  of  statistical  coapaction  control.   Tlie  following  discussion  pertains 
to  several  of  the  eltcTmate  choices  which  can  be  made. 

If  it  wertt  desired  to  be  conservative  and  to  treat  subgrades  and 
subbnsee  equally  {sptub   d  value),  then  15  tests  for  the  subgrades  and  7 
tests  for  the  subbases  would  be  required.  Being  less  conservative, 
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Table  16 

Suranary  of  Tests  Required  for  Each  Prefect 
To  Insure  a  Given  Quality  Level 


(a)  o  -  a   « 

d  - 

.05 

5 

Subgrades 

Subbases 

S-1:  n  -  15 
S-2:  n  -  16 
S-3;  n  -  12 

(b)  o  -  e  - 

.05 

B-1:  n  «  7 
B-2:  n  -  7 
B-3:  n  -  5 

d  ■  7  for  sub(;rade 
d  «  4  for  subbases 

Subgrades        Subbases 


S-1:  n  -  9  B-1:  n  -  9 
S-2;  n  -  9  B-2;  n  -  9 
S~3;  n  -  7       B-3;  n  -  6 
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it  j-otld  be  possible  to  choose  th«j  uEsller  val>2SB  sad  use  12  and  5  tacts 
rccpaetively.  These  later  values  a.va  reivresentative  of  data  obtained 
usicig  experienced  field  personnel. 

/'..«•?; tAtsla-?  tba  c'V'^'r^'ise  is  more  critical  with  reference  to  cciapar.tloti 
contro.'-  ano   iis«.<n  ».;!!j^?,>.e!v;  .:o  b«  t:on8eicvat3.''/e,  9  tests  for  both  e.lerasnts 
could  be  ueed.   (See  Table  16  (b)).  Again  allowing  for  operator      leuce, 
the  V£luea  fur  S-3  and  B-3  would  be  applicable  since  these  ;rcre  th«>  last 
pro.ifitts  studied  and  the  operators  had  by  that  time  developed  their 
te&ting  technique.  This  T>7otild  result  in  7  teats  for  the  subgrade  and  6 
for  the  eutbase. 

Recent  developaents  ir,  highway  construction  indicate  that  r.ha 
use  of  nuclear  ooisiture-denslty  gagee  for  determining  field  density 
is  gaining  favor  among  highway  engineers.  The  operator  term  that  la 
associated  with  the  establlshmeat  of  the  variance  estimate  would  be  minimized 
for  theae  gages.  Th>.x8,  by  being  able  to  reduce  the  magnitude  of  the 
variance  term,  the  number  of  field  tests  required  could  also  be  decreased. 
The  data  of  this  study  do  not  indicata  the  magnitude  of  reduction  that 
would  be  allowed.  It  would  seem  then  the  use  of  the  values  for  the  number 
of  tests  required  corresponding  to  the  variance  estjjoate  associated  with 
experienced  field  personnel  would  be  applicable  to  these  gages. 

ValueE  of  n  were  also  detcrminisd  for  the  subgrades  using  the  variance 
terms  obtained  by  analyzing  the  project  on  the  basis  of  equivalent  soil 
type  control  sections.  However,  this  approach  did  not  appreciably  change 
th<rt  nianber  of  teste  required  as  might  be  expected  since  the  var5.able  of 
soil  type  was  removed  (see  Table  17) 


Table  17 

A  Conparlaon  of  th«  tJunber  (n)  of  Tests  Required 
for  Control  Sections  Baaed  on  Constant  Size  Versus 
Those  Based  on  Uniform  Soli  Types 
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Limit  of  accuracy  cuttgb,  using  the  o"\.''erall  eeeteefce  of  varian^uc 
jtreriously  determined  for  the  dif£ereat  sites,  «r®re  developed  for 
eaeb  project.  These  curves  are  besed  oa  the  relatiooshlp: 

^•"±M  (l-c/2).  V]  ^        (2) 

Where  L  ■<  Llait  of  accuracy 
V  *>  Degrees  of  f r&edtjei 

n  K  Ht3Bber  of  observ&tlons 

Ji 

o  »  Eatiaata  of  veriasice 

cs  K  Confidence  level  (  a  »  .05  was  used  for  purposes 

of  computii^  L) 

t  '^  Value  from  t  table  for  given  o  and  v 

Figure  27  shews  the  limit  of  accuracy  curves  for  all  six  projects 

^Bvestigated.  As  za   escample  of  the  use  of  these  curves,  assume  that  XU 

tests  per  2,000  ft.  section  are  specified  and  that  to  be  conservative, 

curves  for  S-2  and  B-1  are  taken  as  being  valid  for  Che  two  general 

elements  studied o  Using  these  data,  the  average  per  cent  compaction  of  10 

subbase  tests  would  be  witkl.n  ±    2.3%  of  the  true  ceon  of  the  section 

951   of  the  time  for  tlis  subbases.  This  value  would  be  +  4.12  for  the 

subgradea.  Again  assuming  10  tests  but  also  assiiming  experienced  operators, 

curves  S-3  and  B-3  are  applicable  for  subgrades  and  subbases  respectively. 

Tills  would  result  in  limits  of  accuracy  of  +  1.6%  for  the  subbase  and 

+  3.3%  for  the  stibgrade. 

The  data  indicate  that  the  final  decision  as  to  the  number  of  field 

observations  required  per  control  section  depends  on  a  number  of  factors. 

It  is  important  tc  recognize  that  variability  does  exist  and  that  variouu 

factors  including  soil  tjrpe,  compaction  technique  and  precision  of  the 

technician  are  interrelated  in  causing  this  variability. 
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In  looklag  at:  thn  overall  range  in  data>  it  appears  that  many 
obacTvatious  obtaised  in  this  study  were  well  below  «fhet  'Sfoold  normally 
be  tezaed  "satlsfactoTTy  eoopactiou*"  Therefore »  in  applying  quality 
control  to  a  project,  it  would  be  aost  desirable  to  eet  an  absolute  mloi'-.cr" 
lotfer  liait  of  per  cent  coapactlon.  Tlte  nagnitude  of  this  lover  coopactlon 
limit  cannot  be  ascertained  from  the  data  of  this  study.  The  uss 
of  such  a  Ic^er  control  limit  would  no  doubt  change  the  distributions 
that  were  observed  in  this  particular  atitdy  from  a  normal  distribution 
to  eome  ether  distribution.  It  is  not  possible  to  estimate  the  effect 
of  this  change  on  the  data  but  it  should  be  recognised  since  it  could 
negate  many  of  the  observations  and  results  obtained  in  this  particiilar 
study. 

Data  collected  iu  this  study  have  demonstrated  that  there  are  many 
factors  which  effect  variability  of  conpaction  of  subbeses  and  oisbgrades. 
It  has  been  most  difficult  to  separate  the  variables  and  to  determine 
the  relative  effect  of  each.  Howaver,  there  is  no  doubt  that  considerable 
variation  in  compacted  density  existed  in  the  finished  product  and  the  data 
have  demonatratad  forcibly  the  fellicy  of  perfonaing  just  one  or  two 
tests  in  a  given  section  of  road  for  control  purposes.  The  results  of 
this  study  have  further  demonstrated  the  need  for  future  research  into 
several  areas  such  as  the  determination  of  the  optimum  size  of  control  section, 
tlae  determination  of  the  nuiaber  of  tests  required  per  section,  the  average 
density  to  be  obtained  from  these  tests  and  the  effect  of  various  factors  which 
influence  compaction  variability. 
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SlMLMtY  OF  RESULTS 
Comparieon  of  T»8ting  Prooeduwe  and  Reeulte 

1.  A  coapArlson  betiwen  the  reaules  obtained  using  a  field  one- 
point  coopactioQ  test  along  with  a  family  of  typical  coaipactioa 
contsol  curves  to  obtain  taaziaun  aubgrade  density  values*  and 
results  from  standard  laboratory  compaction  datn  indicated  tliat 
the  two  techniques  are  coopatible.  Results  of  the  field  one- 
point  tests  averaged  3  pcf  lower  then  laboratory  data. 

2.  Moisture  contents  determicded  by  drying  the  material  on  a  field  stove 
and  those  deteraiined  by  drying  in  the  laboratory  indicated  that 
approximately  92Z  of  these  tests  checked  with  +  2   percentage  points 
of  nolstuire  content.  Factors  effecting  these  results  were  the 
operator  performing  the  field  test  and  types  of  material. 

3.  The  tests  indicated  that  results  of  laboratory  washed  sieve  analysis 
and  field  dry  sieve  analysis  were  compatible  for  the  three  sieves 
studied  (3/4",  No.  4  and  No.  10). 

4.  Calibration  of  density  sand  in  a  steol  mold  of  known  volume  yielded 
values  essentially  the  some  as  opposed  to  weighing  the  sand  in  the 
sand  cone  Jug  itself.  The  average  difference  in  sand  density  as 
determined  by  these  two  techniques  was  0.5  pcf. 

Compopieon  of  Methods  for  Determining  Maximum  Deneity  and  Per  Cent  Compaotion 

1.  Control  curves  relating  the  per  cent  of  material  passing  a  No.  4 
sieve  and  maximum  dry  density  were  developed  for  each  subbase 
project.  Use  of  these  curves  permitted  the  determination  of  maxinun 
dry  density  for  each  field  density  test  thus  accounting  for  material 
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variability.  It  was  found  for  the  subbaae  projects  in  this 
study,  use  of  an  average  maximian  density  value  gave  essentially 
the  same  results  as  those  froa  the  control  curves.  This, 
however,  would  not  be  true  of  all  subbase  materials. 
2.  TWO  basic  techniques  for  determining  appropriate  oaxinsum  density 
values  for  subgrade  soils  were  studied.  These  were  (a)  use  of 
ao.  average  density  value  for  different  soil  groups  ae  defined  by 
laboratory  classification  and  compaction  teats  and  (b)  use  of 
a  field  one-point  compaction  test  in  conjunction  with  a  family 
of  typical  compaction  curves.  The  first  technique  mentioned 
does  not.  in  general,  appear  feasible  for  field  use  since  an  accurate 
determination  of  liquid  limit  for  each  soil  is  required.  However, 
if  the  project  engineer  is  supplied  with  the  appropriate  equipment  tc 
perform  the  necessary  teste,  this  method  has  some  promise.  Use 
of  vloual  inspection  for  classification  and  choosing  the  correct 
compaction  curve  1«  suspect  unless  done  by  experienced  persocnel. 
The  results  of  this  study  indicate  that  the  most  realistic 
technique  for  determining  maximum  density  for  subgradeo  is  to 
■ake  ooe  of  a  field  one-poiut  compaction  test.  The  sugge&tion 
is  made  that  a  set  of  compaction  control  curves  can  be  developed 
for  aach  project.  Toe  one-point  technique  permits  the  f^  >1'  ns-rp  innel 
to  determine  a  maxlnum  denulty  value  for  each  in-plsce  dei;:^xty  test 
and  thereby  accounts  for  soil  variability. 
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3.  Results  of  tests  fron  one  project  which  was  tested  soon  after 
filial  cotupaction  indicated  very  close  agreement  between  per 
cent  compaction  values  computed  os  both  a  v^et  and  dry  densities 
basis.  For  projects  tested  after  a  period  of  tine  had  elapsed 
after  cctopaction,  per  cent  compaction  on  a  dry  basis  was  greater 
then  the  corresponding  value  on  a  wet  basis. 

VccputbiHty  (^served 

1.  The  per  cent  compaction  data  v-n  cbser/ao  to  ba  aormally 

distributed  for  all  sites  studied.  Aveirege  per  cent  ceespaction 
values  and  the  range  in  values  for  eeeh  project  based  on 
naximuB  dry  density  vnluso  obtained  usiiag  the  one^polnt  < 
tests  for  the  subgrades  and  the  control  curves  for  fhs  ^vhh&vi: 
were: 


Project 


S-1 
S-2 
S-3 
B-1 
B~2 
B-3 


2.  Material  variability  was  quite  pronounced  for  the  subgrade  soils 
and  less  so  for  the  subbase  material.  Faallles  of  coDoaction 
curves  which  were  developed  for  each  subgrade  site  resulted  in  a 
range  In  Tuaziisua  dr/  density  values  oi  apprcnciaately  twenty  pounds 
per  cubic  foot  for  e;ich  project. 

Five  basic  soil  groups  wera  defined  for  the  aubsr^dos  Cooitso.  Tttaoe 
gW-75  ^nrm  repaated  from  project  to  project  and  the  distribution 
of  these  soil  groups  along  a  project  waa  noted  to  ba  randoa  la 
nature. 


Average  Per  CenZ 

Uange  ±si  Per 

S^Tn-InvC 

Coettpaction 

Cent  Cc^apacticn 

Scviaclcr 

100.6 

84  -  116 

5.3 

96.8 

80  -  110 

5.7 

98.2 

84  -  108 

4.5 

89.4 

82  -    58 

3.3 

91.7 

84  -  100 

3.1 

93.6 

86  -  100 

2.3 
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3.  For  thl«  study,  t&e  vfipiebillty  fct3nd  la  ehe  sebfcaae  nsaSex'iajls 
(grain  olso  variation)  did  not  hssvet  a  critical  mifoct  on  the 
deteraination  f>f  afixisRaa  dTy  dansity  'Talaes. 

WaatOTo  Influenoing  Varial^lity  Cbaesved 

1.  An  analyala  of  Yarienee  indicated  that  the  projact  itself  had 
an  influence  on  the  peeults  and  thus  each  projaet  was  etudiad 
ae  an  individual  ccstiatTntction  Ites  rather  than  on  the  hasia  o?. 
aubgrade  or  subbaoe  alasienta  in  general, 

2.  Variability  vlthin  each  project  waa  in^f estimated  hy  analyslui!; 
the  individvtfil  control  aectiono  vhieh  contained  a^ro^isately 
5  treatnenta  (a  treateene  represents  replicate  teats). 
Coapaetion  from  one  eeetion  to  another  on  a  project  wrw 
observed  to  vary  widely  for  all  sites  at'jdied.  Also,  ccmpaefclon 
within  a  section  was  found  to  vary  considerably  for  aocie  units 
tihereas  it  was  relatively  constant  tbronghoat  other  sections. 

3.  General  material  type,  subbase  or  subgrade,  showed  a  distinct 
difference  in  variability  observed.  Much  wore  consistent 
results  were  obtained  for  the  subbaee  taaterials  in  cosparison 
to  the  Bubgradea.  Soth  typ9e  of  variation  studied,  section  to 
section  and  within  a  section,  were  aore  pronounced  for  the 
eubgrades  than  for  the  subbasec.  Average  differences  bstveex; 
replicate  in-place  density  tests  were  lauch  largor  for  the 
subgrede  projects  than  they  were  for  the  snbbanes.  Much  of 
this  is  attributed  to  the  difficulty  of  perfonilng  the  field 
density  test  in  the  aubgrade  aateri&le  and  to  the  wider 
variations  in  sell  typo  observed  for  the  subgrados 
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For  the  differene  e^ibgrade  soils  lavestlfKeted ,  soil  type 
Appearced  to  influenee  tite  coapsction  results.  As  soil 
plasticity  increased  end  cuexiffiuro  density  decreased,  per  cent 
conpactlcn  lacreasod.  This  phenoeena  «»8  observed  to  be  a 
general  effect.  Also,  cotapacticn  for  tvo  ^iven  sell  types 
%ihlch  were  represented  on  each  site  was  approxltnately  the 
same  regardless  of  project  or  contractor. 

4.  The  influence  of  testing  personnel  on  the  overall  variance 
vss  detcmlned  by  atudyiti^  the  vithin  treatment  variance  terms 
which  are  primarily  an  indication  of  testing  variance.  This 
term  decreased  as  the  testing  progressed  indicating  that  aa  the 
field  personnel  gained  experience  and  established  their  technique 
the  associated  testing  variation  decreased.  This  was  especially 
true  for  tests  on  the  subbase  and  less  so  for  the  subgrades.  The 
difference  between  the  snbgrade  and  subbase  was  attributed 
primarily,  to  the  wide  compaction  variability  observed  for  the 
subgrade  soils  and  the  difficulty  in  testing  them  In  comparison 
to  the  subbase  materials.  Thus,  the  effect  of  material  t3rpe 
tended  to  interact  with  the  effect  of  operators  for  the  subgrades 
and  confuse  the  interpretation  of  the  results  concerning  the 
aagnitude  of  variance  attributable  to  each.  A  conparlson  of 
various  operators  indicated  that  different  variations  were 
associated  with  individual  personnel. 

5.  The  interactions  of  the  effects  due  to  different  material 
types,  different  t perators  and  different  contractors  or 
projects  cause  the  overall  variation  to  be  random  in  nature. 
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Typioat  OddsUneB  for  StaHetioat  Qi4ality  Control  Progrm 

1.  The  aiae  of  control  section  wtiich  should  be  testad  to  provide 

an  catlnata  of  the  overall  compcctlon  level  may  be  established  by 
several  techniques.  The  most  realistic  of  these  appears  to  be  to 
define  sections  of  a  given  area  or  volume  and  divide  a  project 
into  luiits  of  constant  sire,  irrespective  of  material  type. 
The  size  of  the  section,  however,  is  critical  and  the  results 
of  this  study  shed  no  light  on  what  the  optimum  size  should  be. 
The  need  for  additional  vorlc  on  this  phase  is  indicated. 
2.  The  number  of  tests  required  to  predict  average  degree  of 
compaction  for  a  given  section  depends  upon  many  variables. 
The  nuaier  of  required  tests  was  found  to  be  independent  of 
length  of  section.  From  the  results  of  this  study,  the 
required  number  of  tests  varied  widely  but;  on  the  average, 
between  5  and  16  tests  ore  required  per  section  depending  on 
the  element  involved.  Tae  final  choice  of  this  value  must  be 
based  on  a  study  of  porformanCQ  of  highways  in  service.  The 
critical  factor,  however,  of  length  of  section  to  coaeider  must 
be  resolved  by  future  work  before  adequate  decisions  can  be 

made. 
3.  The  average  per  cent  ccopactlon  value  that  the  specified  number 
of  teata  Buat  exceed  also  needs  to  be  delineated.  This  in  turn 
has  an  influence  on  the  number  of  teats  required.  This  value 
■oat  be  baaad  on  perfotmaoce  atudioa  along  with  an  understanding 
of  tha  influeBce  that  thla  value  will  have  on  the  ovaralletatiatlcal 
control  prograai. 
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4.  Based  on  the  wide  overall  ranf;e  in  per  cent  compaction  observed 
In  this  study  it  appears  that  an  absolute  lower  limit  should  he 
specified  such  that  a  section  would  not  be  accepted  if  a  single 
teat  fell  below  this  value.  This  statement  is  predicated  on  the 
assumption  that,  irrespective  of  the  at}es>ago  density,  loeallscsd 
failure  will  result  if  certain  minimum  conditions  are  not  met. 
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Table  A-1 

Analysis  of  Variance-Nested  Model 
Subgrades 


Source  of  Variation  df  ss  as        F 

Projects  2  840.6  420.3     8.3 

TreAtnent  Within  47  2028.4        43.2     0.84 
Project 

Error  238  5488.1        51.0 


P  Qc.  2  238  "  ^'^    ^  ®*^       Project  is  significant 

F  Qj.  ,y   238  ■  1*3'  ^   '^   •  ■  Treataent  with  project 
'   *  is  not  significant 


Table  A>2 

Analysis  of  Variance-Nested  Model 
Subbases 


Source  of  Variation 

df 

SB 

me 

F 

Projects 

Treatment  Within 
Project 

2 

49 

861.9 
496.7 

431.0 
10.1 

23.5 
0.55 

Error  248      2024.7        18.3 


F  Qj.  2  248  ■  ^•'°*  "^  ^^'^    **  ^"foJ^ct  18  significant 

F  Qc,  ^n  248  "  1*35  >  0.55      Treatment  vlthln  project 
*   *  is  not  significant 


One-Way  ANOV  Rtsulia   foi    Suf'^tau..  •  t.n 

(Per  Cent  Compaq  Hod  u 

CoiBpactlon  Tf-'t    Mr> 


Souxca  of  Variation 


df 


an 


Vri 


S-1 


Maans 

50 

Within  Treatmenta 

5J 

V                             a  1 

96 

S-2 

Means 

47 

Wlthlo  -"-   'TientB 

48 

2149.3       41.0       ^.Vft 
740.1       U.5 
Between  trti      s  Is  iignlflrtt'* 


2285.7      48,6 
773.6      16.1 


3.02 


.05;  47,48 


Between  treatments  itt  aignlflcftor 


Meann 

A'ltnm  irnwcaencs 


46 
47 


1323.2 
596.4 


28.8 


2,27 


.05^;   46,41 


BatwMm  trcacaentt 


.gnif leant 


Table  A-4 

One-Way  AHOV  Results  for  Sufobaae  Projects 
(Per  Cent  Compaction  Based  on  Control 
Curve  Mazlaium  Dry  Densities) 


Source  of  Variation 


df 


80 


mo 


F 


B-1 
Means 

Within  Treatments 


50 
51 


706.2 
346.3 


14.2 
6.8 


2.1 


F  _.,  so  51  "  ^'^^  ^  "^'^      ■*•  Between  treatments  is  significant 


B-2 


Meaus 

54 

800.9       14.8 

Within  Treatments 

55 

243.1        4.4 

P         -  1.89 
.05;  54,55 

^, 

3.4 

■'.  Between  treatments  ii 

B-3 
Mean.i 

49 

385.3        7.9 

Within  Treatments 

50 

130.1        2.6 

3.4 


3.0 


F .^   ^,  «  1.60   •<   3.0   .".  Between  treatments  is  significant 
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Table  A-6 

Average  Percent  Subgrade  Compaction 
for  Field  Control  Sectloos 


Project 


S-i 


Station 


420+00 
4504O0 
480fOO 
510+00 
54OfO0 
570tOO 
eOOfOO 
630+00 
660+00 
690+00 
560+00 


450+00 
48OH)0 
510+00 
540+00 
570+00 
600*00 
630+00 
660+00 
690+00 
720+00 
580+00 


Latte 


SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
SB 
NB 


Percent 
Compaction  * 


96.9 

97.8 
101.2 

99.1 
100.5 
104.1 
100.5 
102.7 
105.0 
103.4 

95.6 


S-2 


45+00 
214+00 
235+00 
255+00 
191+00 
211+00 
233+00 
186+00 
206+00 
226+00 


214+00 
235*00 
255+00 
274+00 
211+00 
233+00 
253+00 
206+00 
226+00 
246+00 


HB 
VB 
HB 

WB 
WB 
HB 
«B 
EB 
EB 
EB 


98.3 
96.8 
91.9 
94.3 
100.3 
100.6 
97.6 
94.5 
97.5 
96.0 


S-3 


1100+00 
1120+00 
1170+00 
1190+00 
1230+00 
1030+00 
1050+00 
1070+00 
1090*00 
1110+00 


1120+00 
1140+00 
1190+00 
1210+00 
1250*00 
1050+00 
1070+00 
1090+00 
1110+00 
1130+00 


VB 
WB 
WB 
WB 

ym 

EB 
EB 
EB 
EB 
EB 


98.8 
97.6 
98.5 
99.6 
99.4 
94.2 
99.8 
100.8 
97.5 
96.2 


*  Based  on  One-Point  Compaction  Test 


Table  A-7 

Average  Subgrade  Percent  Coapacxion  Values 
Baeed  oo  Soil  Groups 


Project 


S-1 


S-2 


S-3 


Station 

Lane 

Soil 

Average 

Group 

Percent 
Compaction  * 

420+00  - 

440+00 

SB 

C 

95.2 

44(H00  - 

448+00 

SB 

B 

88.5 

44aM>0  - 

470*00 

SB 

C 

95.2 

470*00  - 

480+00 

SB 

D 

95.1 

480+00  - 

540+00 

SB 

C 

94.9 

540*00  - 

570+00 

SB 

D 

97.3 

570fOO  - 

584+00 

SB 

C 

99.1 

584400  - 

586+00 

SB 

B 

98.6 

58fr»O0  - 

604+00 

SB 

C 

100.3 

604*00  - 

61Of00 

SB 

D 

98.0 

610+00  - 

644+00 

SB 

C 

97.4 

644400  - 

650+00 

SB 

B 

95.6 

650+00  = 

657+00 

SB 

C 

104.8 

657+00  - 

690+00 

SB 

D 

99.5 

690+00  - 

692+00 

SB 

E 

102.5 

692+00  - 

700+00 

SB 

C 

99.6 

700+00  - 

706+00 

SB 

E 

103.2 

706+00  - 

720+00 

SB 

C 

95.5 

560+00  - 

56&H)0 

NB 

C 

91.9 

568+00  - 

570+00 

NB 

D 

102.1 

570+00  - 

580+00 

MB 

B 

97.6 

45+00  - 

234+00 

HB 

B 

93.0 

234+00  - 

250+00 

WB 

A 

89.8 

250+00  - 

274+00 

IfB 

B 

90.8 

191+00  - 

202+00 

HB 

C 

105.4 

202+00  - 

238+00 

WB 

B 

92.8 

238+00  - 

252+00 

WB 

A 

94.0 

252+00  - 

260+00 

WB 

C 

103.2 

190+00  - 

203+00 

EB 

B 

95.1 

203+00  - 

205+00 

EB 

C 

92.6 

205+00  - 

206+00 

EB 

A 

95.0 

206+00  - 

240+00 

EB 

B 

98.7 

240+00  - 

246+00 

EB 

A 

92.0 

Data  for 

this  project 

are  shown  on  Figure  23 

*  Based  on  Soil  Group  Average  Maxioum  Dry  Density 


Table  A-8 

CoBparlson  of  Within  Treatment  Vari&nce 
Data  for  Different  Operator  Coobinetions 


Subgrades 

Number  of  Replicate 

Within  Treatment 

Project 

Opsr&tors 

Tests  Involved 

Variance 

S~l 

1,5.6 

4 

2,07 

s-l 

3,5 

4 

12.17 

^-t 

1.3 

12 

9.49 

S-l 

2,A 

13 

16.37 

S-1 

5.6 

18 

19.81 

S-2 

2.5.6 

4 

1.80 

S-2 

5.6 

21 

12.44 

S-2 

1.2 

24 

21.25 

S-3 

2.3 

48 

12.92 

Snbbasea 

B-1 

2,4 

52 

6.79 

B-2 

3,A,5 

29 

3.05 

B-2 

1.4 

20 

7.16 

B.-2 

3.4 

5 

0.75 

B-3 

2,3 

3 

2.46 

B-3 

2.3,6 

4 

5.28 

B-3 

3,4 

20 

1.72 

B-3 

5,6 

23 

1.95 

"1 r-ri r 


CURVE 

max.dryIoptimum  i 

JDENSITY 

MOISTURE 

1 

93.1 

25.0 

2 

96,6 

23.0 

3 

99.6 

2  1.4 

4 

102.3 
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